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REMARKS 



Claims 1-24 and 27-29 are pending in the application. Claims 25 and 26 were previously 
cancelled. Claims 30 and 31 are added herein. Thus, claims 1-24 and 27-31 are now under 
consideration. 

Claim 1 is amended for additional clarity. No new matter is added by this amendment. 
Support for this amendment is found throughout the as-filed specification and original claims. 

Claims 2 and 4 are amended based on suggestions made by the Examiner. No new 
matter is added by these amendments. Support for these amendments is found throughout the as- 
filed specification and original claims. 

New claims 30 and 3 1 include no new matter and are supported throughout the as-filed 
specification and original claims. 

For example, in regard to selecting the sperm type, wherein the selected sperm type has a 
desired characteristic selected from a group consisting of low levels of DNA damage, the 
Applicants refer to Figure 3 for support. Figure 3 show results of TUNEL assays. TUNEL is a 
common method for detecting DNA fragmentation and damage. A TUNEL-positive cell has 
DNA damage. Thus, in Figure 3, a sperm population with a higher percentage of TUNEL- 
positive cells is a population containing a higher percentage of DNA damaged cells. The data 
displayed in Figure 3 show that all electrophoretically separated populations had a lower 
percentage TUNEL-positive sperm that the sperm population that did not traverse the membrane. 

Moreover, when Figures 1-8 are reviewed in light of Figure 9 the data show that sperm 
are being separated into separated and excluded populations, including morphology (Figure 1), 
sperm deformity index (Figure 2), DNA damage (Figure 3), acrosome reaction (Figure 4), post 
treatment vitality (Figure 5), post treatment motility (Figure 6), computer assisted sperm analysis 
(Figures 7 and 8). The figures show that differences in desired outcome for the desired 
characteristics were observed for morphology, sperm deformity index, DNA damage, acrosome 
reaction, and computer-assisted sperm analysis. Figure 9 displays the yield. Although the zero 
time point does show differences in characteristics, the sperm numbers relate to only about 2% 
yield and these represent the most motile sperm that swam through the membrane. Useful yields 
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are obtained after application of the electrical potential, which are indicated at subsequent time 
points in the figure. Thus, taken together Figures 1-9 show separation of sperm types listed in 
new claims 30 and 31. In addition, claims 30 and 31 recite other sperm types acknowledged as 
enabled by the examiner. For these reasons, Applicants submit that the new claims are supported 
and enabled by the filed application. 

I. Interview Summary. 

The Applicants thank Examiner Noguerola for the in-person interview on June 03, 201 1 
in which the 35 U.S.C. § 1 12 and 35 U.S.C. § 103(a) rejections were discussed without reaching 
agreement. 

II. 35 U.S.C. § 102(b) Su. 

Claims 1-3, 6, 7, 12, 13, 17, 20 and 21 are rejected under 35 U.S.C. § 102(b) as allegedly 
anticipated by an English language translation of CN 891051 10.5 ("Su'). Su, however, fails to 
disclose separation of a sperm type by moving sperm through an ion-permeable barrier where the 
sperm type is separated from a sperm population through the ion-permeable barrier. 

The Examiner argues that Su's semi-permeable bag must be permeable to ions. The 
Applicants do not herein dispute this assessment. 

The figures from Su, viewed with reference to pages 4-6 of the description, show that the 
electrodes (2 and 5) are located outside of the electrophoresis cell (4). These facts are 
recognized by the Examiner at page 15 of the Office Action. Because the electrophoresis cell is 
the semi-permeable bag, the electrodes are outside of the semi-permeable bag. 

Therefore, when the sperm sample is placed inside the cell it is separated from the 
electrodes by the bag's walls. The bag is permeable to ions so that an electrophoresis field can 
be established inside the cell and through the sperm sample. Otherwise, as articulated by the 
Examiner, the electrolyte would be blocked and the electrophoresis field would be disrupted. 

The Applicants follow the Examiner's arguments to this point. The Examiner, however, 
then concludes that sperm inherently moves through the semi-permeable bag. This conclusion 
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incorrect (a) because the sperm in Su do not necessarily move through an ion-permeable 
membrane and (b) because Su actually teaches away from moving sperm though an ion- 
permeable membrane. 

a. The sperm in Su do not inherently move through an ion-permeable membrane. 

To arrive at his conclusion that Su inherently teaches movement of sperm though an ion- 
permable, the Examiner notes that Su teaches that semen is collected "at the anode." Because 
semen is collected "at the anode," the Examiner believes that sperm must have inherently moved 
through the semi-permeable bag (i.e. ion-permeable membrane). The term "at" does not, 
however, necessarily mean or imply direct contact of semen with the anode. Common 
definitions of the term "at" include "in or near the area occupied by" or "in or near the location 
of." See definition l.a. of "At" from the Free Online Dictionary, Thesaurus and Encyclopedia 
(Exhibit A). The semen found "at the anode" could, therefore, be near or in the area of the anode 
without having passed through the bag's walls. For example, the semen could be contained in 
the electrophoresis cell in proximity to the anode, but still separated from the anode by the 
chamber walls. 

The fact that a certain result or characteristic may occur or be present in the prior art is 
not sufficient to establish the inherency of that result or characteristic. In re Rijckaert, 9 F.3d 
1531, 1534 (Fed. Cir. 1993); In re Oelrich, 666 F.2d 578, 581-82 (CCPA 1981) (emphasis 
added). "To establish inherency, the extrinsic evidence must make clear that the missing 
descriptive matter is necessarily present in the thing described in the reference, and that it would 
be so recognized by persons of ordinary skill. Inherency may not be established by probabilities 
or possibilities . The mere fact that a certain thing may result from a given set of circumstances is 
not sufficient." In re Robertson, 169 F.3d 743, 745 (Fed. Cir. 1999) (emphasis added). Since 
inherent anticipation, therefore, requires an event to necessarily have happened, Su does not 
inherently anticipate the rejected claims because sperm does not necessarily move though an ion- 
permeable membrane using Su's method or device. 
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The Examiner implies that, just because Su collected an enhanced population of X semen 
at the anode, the collected X semen must have moved through a membrane. This is not true. It 
was known to those skilled in the art before Su that X and Y semen have different zeta 
potentials, with the X being more negative, such that directing a current through the sample from 
cathode to anode could cause an enhanced population of X semen at an anode without passing 
through a membrane. See e.g. Ishijima SA et al., Zeta potential of human X- and Y-bearing 
sperm, International Journal Andrology 14(5): 340-7 1991 (Abstract) attached as Exhibit B. See 
also, Engelmann et al, Gamete Res. 19, 151-159 (1988) (Engelmann) cited by the Examiner in 
the current Office Action. 

b. Su teaches away from moving sperm though an ion-permeable membrane. 

Su describes that the semi-permeable bag is actually used to prevent direct contact 
between semen and the [anode]. For example, on page 5 Su states "the design of the 
electrophoresis cell used can prevent direct contact between the semen and the electrodes." 

Thus, based on the common definition of "at" and the explicit teaching of Su, the semen 
does not appear to contact the anode at all. In fact, Su intentionally avoids passing sperm 
through an ion-permeable membrane to avoid contact of semen with the electrodes. 

For at least these reasons, Su does not inherently anticipate the rejected claims. 
Applicants request that the rejection of these claims based on Su be withdrawn. 

III. 35 U.S.C. § 103(a) Moore in view of Speicher. 

Claims 1, 5-10, 12, 13 and 17-19 are rejected under 35 U.S.C. § 103(a) as allegedly 
unpatentable over Moore et al, J Reprod. Fert. 44, 329-332 (1975) (Moore) and Speicher et al, 
U.S. Pat. No. 6,638,408 (Speicher). In regard to claim 1, the Examiner alleges that Moore 
discloses a process of separating a sperm type from a sperm population by electrophoresis using 
a pH-gradient. The Examiner acknowledges that Moore fails to disclose use of an ion-permeable 
barrier. 
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The Examiner further alleges that Speicher discloses a separation chamber portioned by 
ion-permeable membranes. The Examiner acknowledges that Speicher fails to disclose 
separation of sperm type from a sperm population. 

The Examiner, however, alleges that it would have been obvious to one skilled in the art 
to use the isoelectric focusing device of Speicher to practice the method of Moore with 
predictable results. 

The Applicants respectfully traverse these rejections because (a) the combined references 
are inoperable for their cited purpose and (b) the results of the Applicants' claimed processes 
provide surprising and unexpected results over the cited references. 

(a) The 35 U.S.C. § 103(a) rejection is improper because the combination of 



The membranes described in Speicher have pores too small, less than 0.5 um, to allow 
sperm to pass through. See Speicher, col. 5:55-65. At least because the pores of Speicher are too 
small to allow sperm to pass through, if Speicher were combined with Moore, the resulting 
device would not work to separate sperm. In other words, if the membranes described by 
Speicher were used with a sperm sample, none of the sperm would be able to pass through the 
membrane. Thus, a device combining Moore and Speicher would not work to separate a sperm 
type from a population by moving sperm though a membrane because sperm cannot move 
through the described membrane. Thus, the combination of Moore and Speicher is inoperable to 
separate a sperm type from a sperm population through an ion-permeable barrier. 

"An inference that a combination would not have been obvious is especially strong 
where the prior art's teachings undermine the very reason being proffered as to why a person of 
ordinary skill would have combined the known elements." DePuy Spine Inc. v. Medtronic 
Sofamor Danek, Inc. 567 F.3d 1314, 1326 (Fed Cir. 2009) (emphasis added). See also 
Examination Guidelines Update: Developments in the Obviousness Inquiry After KSR v. 
Teleflex, Fed. Reg. 53,643, 53,649 (Sept 1, 2010). 



Speicher and Moore is inoperative for its cited purpose. 
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Here the reason proffered for the combination of Moore and Speicher is to separate 
sperm, which cannot be achieved with the combination because of the membrane characteristics 
of Speicher. Any method disclosed by Moore and Speicher in combination would not have 
worked for the intended purpose of separating sperm. 

Although the Examiner indicates that Speicher teaches adjusting pore size, the Examiner 
does not allege that Speicher teaches, either inherently or otherwise, a pore size capable of 
allowing the passage of sperm. On page 18 of the Office Action, the Examiner states Speicher 
teaches adjusting the pore size so that the desired "particles" can pass though. The only desired 
"particles" Speicher describes, however, are "charged molecules." One skilled in the art would 
not interpret the term "charged molecule" to include a sperm cell. The only mention in Speicher 
of cells are cell extracts, and Speicher describes lysing cells prior to any separation so that the 
inner cellular molecules are separated, not the cells themselves. See Speicher col. 7:40-col.8:25. 
Speicher, therefore, only separated charged molecules, not cells, and its suggestion to adjust pore 
size for "desired particles" would not lead one skilled in the art to pores sufficiently sized to 
separate sperm cells. 

Moreover, the polyacrylamide membranes described by Speicher would not form stable 
membranes with pores large enough to separate sperm. For example, Chiari et al., 
Electrophoresis 1995 16(8) 1337-44 (enclosed as Exhibit D) describes that polyacrylamide will 
not form a stable matrix much below 3.5% unless supported by another material. See e.g. Chiari, 
figure 6 showing that data points for a pure polyacrylamide gel stop at about 4%. Since pore size 
in such a membrane would not be close to being larger enough to spate cells, the Speicher 
membranes would not function to separate cells given the tiny pore size. See e.g. Stellwagen and 
Holmes, Electrophoresis 1991 Apr 12(4) 253-63 (describing 3.5% gels having a pore size of 
130nm and 10.5% gels having 70nm pores) (enclosed as Exhibit E). Therefore, the membranes 
of Speicher would not have been expandable to separate sperm cells. 

(b) The claimed methods provide unexpected results. 
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Assuming, arguendo, that Speicher did disclose, or even suggest, pores of sufficient size 
to separate sperm, the current application still provides unexpected results over the Speicher and 
Moore combination. Moore discloses that the sperm cells separated using its method were 
"immotile." See Moore, page 330, line 16. As noted in the Applicants' response to the 
September 10, 2009 Office Action, the claimed processes produce sperm which are 
"substantially unchanged." For example, sperm separated by the claimed processes maintain 
their fertilizing potential and other properties such as motility. These unexpected results are 
described in the Applicants' previous amendment, but the Examiner does not appear to have 
considered them. 

For these reasons, Applicants respectfully request the withdrawal of the rejection of claim 
1. Since claims 5-10, 12, 13 and 17-19 all ultimately depend from claim 1 and include all the 
elements of claim 1, these claims are also non-obvious over the cited references, and the 
Applicants request withdrawal of the rejection of these claims as well. 

IV. 35 U.S.C. § 103(a) Moore in view of Speicher in further view of Barbour. 

Claim 1 1 is rejected under 35 U.S.C. § 103(a) as allegedly being unpatentable over 
Moore, as modified by Speicher, and in further view of Barbour et al., U.S. Patent No. 5,436,000 
(Barbour). Claim 1 1 ultimately depends from claim 1 . The Applicants, therefore, respectfully 
traverse this rejection for the same reasons described above regarding the rejection of claim 1 
based on Moore as modified by Speicher. 

Specifically, as described above, any method disclosed or suggested by Moore and 
Speicher in combination is inoperable for separating a sperm type. As noted above, 0.5 microns 
is the upper pore size limit described in Speicher, and this pore size is too small to allow sperm 
to pass. See Speicher, col. 5:55-65. 

Moreover, the method of claim 1 1 provides unexpected results in view of Moore as 
modified by Speicher. Moore and Speicher describe immotile sperm and no separation of sperm, 
respectively, so their combination fails to disclose or suggest the results achieved using the 
process of claim 1 1 . Barbour does not overcome the deficiency of the Moore and Speicher 
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combination in this regard. Barbour is cited as disclosing polycarbonate membrane as an ion- 
permeable barrier. The cited disclosure of Barbour is unrelated, however, with whether sperm 
separated through a membrane by a method resulting from the combination of Moore as 
modified by Speicher would be substantially unchanged. Thus, Barbour fails to disclose or 
suggest the results achieved with the process of claim 1 1 , even when Barbour is read in 
combination with Moore and Speicher. The Applicants, therefore, respectfully request 
withdrawal of this rejection. 

V. 35 U.S.C. § 103(a) Moore in view of Speicher in further view of Moore II. 

Claims 2, 3 and 14 are rejected under 35 U.S.C. § 103(a) as allegedly being unpatentable 
over Moore, as modified by Speicher, and in further view of Moore, Int. J. Andro. 2: 449-452 
(1979) (Moore II). Claims 2, 3 and 14 ultimately depend from claim 1 . The Applicants, 
therefore, respectfully traverse this rejection for the same reasons described above regarding the 
rejection of claim 1 based on Moore as modified by Speicher. 

Specifically, as described above, any method disclosed or suggested by Moore and 
Speicher in combination is inoperable for separating a sperm type. Moreover, the methods of 
claims 2, 3 and 14 each provide surprising and unexpected results in view of Moore as modified 
by Speicher. Moore and Speicher describe immotile sperm and no separation of sperm, 
respectively, so their combination fails to disclose or suggest the processes of claims 2, 3 and 14. 
Moore II fails to overcome the deficiency of the Moore and Speicher combination. Moore II is 
cited as teaching that spermatozoa from some "apparently infertile men have an isoelectric point 
consistently higher than fertile men." The cited disclosure of Moore II is unrelated, however, 
with whether sperm separated through a membrane by a method resulting from the combination 
of Moore as modified by Speicher would be substantially unchanged. Thus, Moore II fails to 
disclose or suggest the results achieved with the processes of claims 2, 3, or 14, even when 
Moore II is read in combination with Moore and Speicher. The Applicants, therefore, 
respectfully request withdrawal of this rejection. 
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VI. 35 U.S.C. § 103(a) Moore in view of Speicher in further view of Jaspers, 
Raptis and Burke Jr. 

Claims 14 and 15 are rejected under 35 U.S.C. § 103(a) as allegedly being unpatentable 
over Moore, as modified by Speicher, and in further view of Jaspers et al, App. Evn. Micro. 
3176-3181 (1997) (Jaspers), Raptis, U.S. Pat. No. 6,001,617 (Raptis), and Burke Jr. et al, U.S. 
Pat. App. Pub. No. 2002/01 19218 (Burke Jr.). Claims 14 and 15 ultimately depend from claim 
1 . The Applicants respectfully traverse these rejections for the same reasons described above 
regarding the rejection of claim 1 based on Moore as modified by Speicher. 

Specifically, as described above, the combination of Moore and Speicher is inoperable 
for separating a sperm type. Moreover, claims 14 and 15 each provide surprising and 
unexpected results in view of Moore as modified by Speicher. Moore and Speicher describe 
immotile sperm and no separation of sperm, respectively, so their combination fails to disclose or 
suggest the results achieved using the processes of claims 14 and 15. Jaspers, Raptis and Burke 
Jr., are cited for their described voltage gradients. The cited disclosures of these references are 
unrelated, however, with whether sperm separated through a membrane by a method resulting 
from the combination of Moore as modified by Speicher would be substantially unchanged. 
Thus, Jaspers, Raptis and Burke Jr. fail to disclose or suggest the results achieved with the 
processes of claim 14 and 15, even when the cited references are read in combination with 
Moore and Speicher. The Applicants, therefore, respectfully request withdrawal of this rejection. 

VII. 35 U.S.C. § 103(a) Engelmann in view of Weber. 

Claims 1-10, 12-23, 28 and 29 are rejected under 35 U.S.C. § 103(a) as allegedly 
unpatentable over Engelmann et al., Gamete Res. 19, 151-159 (1988) (Engelmann), which was 
originally cited in the September 10, 2009 Office Action, in view of Weber, U.S. Patent No. 
7,399,394 (Weber). 

In making the current rejection based on Engelmann and Weber, the Examiner alleges 
that Engelmann teaches a method of sperm separation based on elecrophoretic mobility and that 
Weber discloses a method for separating charged substances with an ion-permeable membrane. 



Applicant 
Serial No. 
Filed 
Page 



Robert J. Aitken et al. 
10/574,911 
May 11,2007 
16 of 20 



Attorney's Docket No.: 10055-006US1 



However, nothing in Weber teaches or suggests separation of cells through a membrane. Thus, 
the combined references do not provide a prima facia case of obviousness at least because they 
do not together disclose separation of sperm through a membrane. Moreover, assuming, 
arguendo, the Engelmann and Weber combination does present a prima facia case of 
obviousness, the current application describes unexpected results over the cited combination. 

Engelmann discloses or suggests that the motility of sperm separated by free flow 
electrophoresis is "greatly reduced." See Engelmann, page 156. For example, Engelmann 
shows motility in the range between 5% and 10% or 10% and 20%. One skilled in the art would 
expect even more damage to separated sperm if an ion-permeable membrane was used to 
separate the sperm. See Amendment and Response to Office Action of September 10, 2009, 
page 8 and Amendment in Reply to Office action of June 1 1, 2010, page 11. Thus, one skilled in 
the art would expect at least 80% of the sperm to have reduced motility using Engelmann with a 
membrane. On the other hand, the Examiner notes that the Applicants show 84% of the sperm 
were still motile. 

The Examiner incorrectly states on page 6 of the Office Action that the Applicants did 
not measure a change in motility other than whether the sperm moved or not. For example, 
paragraph 1 17 of the application states that "separated spermatozoa displayed track speeds and 
levels of path and forward progressive velocities that were not significantly different than those 
recorded in the excluded population." Engelmann specifically states that progressive motility 
was greatly reduced. See Engelmann, page 156. Progressive motility relates to velocity. See 
e.g. Engelmann et al, J. Andrology 13(5) 433-436 (1992), enclosed as Exhibit C, which 
describes that progressive motility relates to sperm having a given velocity and that quantitative 
sperm motility relates to velocity. Thus, when Engelmann (1988) states that sperm motility was 
greatly reduced this would include changes in velocity. The fact that Applicants found no 
significant difference in progressive velocity and tack speed is, therefore, surprising and 
unexpected in light of Engelmann and Weber. 

Therefore, even if the Examiner maintains that a prima facia case has been properly 
established, the unexpected, superior results rebut a prima facia case of obviousness (See MPEP 
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§ 2144.09) and the Applicants respectfully request withdrawal of the rejection. The method 
produces unexpected superior results over Engelmann and Weber, which rebuts any prima facia 
case of obviousness. 

Since claims 2-10, 12-23, 28 and 29 all ultimately depend from claim 1 and include all of 
the elements of claim 1, the Applicants respectfully request withdrawal of the rejection as to 
claim 1 and these dependent claims for the same reasons. 

VIII. 35 U.S.C. § 103(a) Engelmann in view of Weber in further view of Barbour. 

Because the Examiner withdrew the rejection of claim 1 1 based on Engelmann in view of 
Weber in further view of Barbour and did not restate the rejection, it appears that claim 11 is no 
longer rejected in light of this combination. However, on page 7 of the Office Action, the 
Examiner appears to believe the rejection still has merit. Therefore, to efficiently move this case 
to allowance, Applicants provide the following comments. 

Claim 1 1 ultimately depends from claim 1 . As explained above, the results of claim 1 , 
and therefore, of claim 1 1, are surprising and unexpected in light of Engelmann as modified by 
Weber. Barbour is cited for its disclosure of polycarbonate membrane materials. The disclosure 
of Barbour does not make make the results of claim 1 1 predictable in light of the Engelmann and 
Weber combination. The Applicants, therefore, respectfully request that the Examiner indicate 
allowablity of claim 1 1 over this combination. 

IX. 35 U.S.C. § 103(a) Su in view of Christensen. 

Because the Examiner withdrew the rejection of claims 18 and 19 based on Su in view of 
Christensen and did not restate the rejection, it appears that claims 18 and 19 are no longer 
rejected in light of this combination. However, on page 7 of the Office Action, the Examiner 
appears to believe the rejection still has merit. Therefore, to efficiently move this case to 
allowance, Applicants provide the following comments. 

As described above, Su does not teach or suggest that a sperm type moves through an 
ion-permeable barrier and is separated from a sperm population through the ion-permeable 
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barrier. Christensen is cited for a device to count bovine sperm. Thus, the combination of Su 
and Christensen fails to disclose or suggest that a sperm type moves through an ion-permeable 
barrier and is separated from a sperm population through the ion-permeable barrier, which is 
required by claims 18 and 19. The Applicants, therefore, respectfully request that the Examiner 
indicate allowablity of claims 1 8 and 1 9 over this combination. 

X. 35 U.S.C. § 103(a) Su in view of Kricka. 

Because the Examiner withdrew the rejection of claim 27 based on Su in view of Kricka 
and did not restate the rejection, it appears that claim 27 is no longer rejected in light of this 
combination. However, on page 8 of the Office Action, the Examiner appears to believe the 
rejection still has merit. Therefore, to efficiently move this case forward, Applicants provide the 
following comments. 

As described above, Su fails to disclose or suggest that a sperm type moves through an 
ion-permeable barrier and is separated from a sperm population through the ion-permeable 
barrier. Kricka is cited for fertilization of an ovum with viable sperm. Thus, the combination of 
Su and Kricka fails to disclose or suggest that a sperm type moves through an ion-permeable 
barrier and is separated from a sperm population through the ion-permeable barrier, which is 
required by claim 27. The Applicants, therefore, respectfully request that Examiner indicate 
allowablity of claim 27 over this combination. 

XL 35 U.S.C. § 103(a) Engelmann in view of Weber in further view of Kricka. 

Because the Examiner withdrew the rejection of claim 27 based on Engelmann in view of 
Weber in further view of Kricka and did not restate the rejection, it appears that claim 27 is no 
longer rejected in light of this combination. However, on page 8 of the Office Action, the 
Examiner appears to believe the rejection still has merit. Therefore, to efficiently move this case 
forward, Applicants provide the following comments. 

Claim 27 ultimately depends from claim 1 . As explained above, the results of claim 1 , 
and therefore, of claim 27 are surprising and unexpected in light of Engelmann as modified by 
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Weber. Kricka is cited for its disclosure of fertilization of an ovum with viable sperm. The 
disclosure of Kricka does not make the results of claim 27 predictable in light of the Engelmann 
and Weber combination. The Applicants, therefore, respectfully request that Examiner indicate 
allowablity of claim 27 over this combination. 

XII. 35 U.S.C. § 112, first paragraph. 

Claims 2 and 4 are rejected under 35 U.S.C. § 1 12, first paragraph. Although Applicants 
believe claims 2 and 4 are enabled in their rejected form, to expedite prosecution, these claims 
are amended herein. In particular, claim 2 is amended to delete genetic makeup or 
morphological normality. Claim 4 is amended to delete poor morphology, high levels of DNA 
damage, and high levels of oxygen species generation. The Examiner has indicated that the 
remaining scope of these claims is enabled. Applicants, therefore, respectfully request 
withdrawal of this rejection. 

XIII. 35 U.S.C. § 112, second paragraph. 

Claims 2 and 4 are rejected under 35 U.S.C. § 1 12, second paragraph for reciting sperm 
type having a desired genetic make up and morphological abnormality (claim 2), or an undesired 
high level of DNA damage and high levels of reactive oxygen species generation (claim 4). 
These listed characteristics have been deleted from claims 2 and 4 respectfully. Applicants, 
therefore, respectfully request withdrawal of this rejection. 

XIV. Conclusions. 

In view of the amendments and arguments herein, Applicants respectfully request 
allowance of all claims. 

It is believed that all issues raised by the Examiner have been addressed. However, the 
absence of a reply to a specific rejection, issue, or comment does not signify agreement with or 
concession of that rejection, issue, or comment. In addition, because the arguments made above 
may not be exhaustive, there may be reasons for patentability of any or all pending claims (or 
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other claims) that have not been expressed. Finally, the amendment of any claim does not 
necessarily signify concession of unpatentability of the claim prior to its amendment. 

Applicants wish to call the Examiner's attention to co-pending U.S. Patent Publication 
No. 2008/0067070 and encourage the Examiner to review this application and its corresponding 
file history. 

Fees in the amount of $555.00 for a three-month extension of time for a small entity are 
being paid concurrently herewith on the Electronic Filing System by way of Electronic Funds 
Transfer authorization. A Request for Continued Examination with its required fees are being 
filed concurrently with this Amendment. Please apply any other charges or credits to Deposit 
Account 50-5226. 



Respectfully submitted, 



Date: June 9.2011 
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1. air temperature 
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1 efl 

at (at; at when unstressed) 
prep. 

1. 

a. In or near the area occupied by; in or near the location of; at the market: at our 
destination. 

b. In or near the position of: alvjays at my side; at the center of the page. 

2. To or toward the direction or location of, especially for a specific purpose: Questions 
came at us from ail sides. 

3. Present during; attending: at the dance. 

4. Within the interval or span of: at the dinner hour; at a glance. 

5. In the state or condition of: at peace with one's conscience. 

6. In the activity or field of: skilled at playing chess; good at math. 

7. To or using the rate, extent, or amount of; to the point of: af 30 cents a pound: at high 
speed: at 20 paces; at 350°F. 

8. On, near, or by the time or age of: af three o'clock; at 72 years of age. 

9. On account of; because of: rejoice at a victory. 

10. By way of; through: ex/fed af the rear gate. 

11. In accord with; following: at my request. 

12. Dependent upon: at the mercy of the court. 

13. Occupied with: af work. 
Idiom: 

at it Informal 

Engaged in verbal or physical conflict; arguing or fighting: The neighbors are at it again. 
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Charity 



I Feed a hungry child - donate to 
I school feeding program 



[Middle English, from Old English st; see ad- in Indo-European roots.] 
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Summary 

The zeta potential of human X- and Y-bearing sperm was measured by two different methods; (i) using an electrophoretic light scattering spectrophotometer, and (ii) using a laser- 
rotating prism. The X- and Y-bearing sperm were separated by free-flow electrophoresis, and their purities were determined by staining for the F-body using quinacrine mustard. 
The zeta potential of the sperm in the fraction containing more than 80% Y-bearing sperm was approximately -16 mV, whereas that of sperm in the fraction containing more than 
95% X-bearing sperm was approximately — 20 mV. In other words, the net negative-charge on the cell surface of human X-bearing sperm is higher than that of Y-bearing sperm. 
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Sperm Motility Under Conditions of Weightlessness 
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ABSTRACT: The aim of this study was to determine the differ- 
ences in motility of frozen and thawed bull spermatozoa under 
conditions of weightlessness compared with ground conditions. 
The tests were performed within a series of scientific and tech- 
nologic experiments under microgravity using sounding rockets 
in the Technologische Experiment* unter Schwerelosigkeit 
(TEXUS) program launched in Kiruna, North Sweden. Using a 
computerized sperm motility analyzer, significant differences 
were found in sperm motility under microgravity compared with 
sperm under gravitational conditions on earth. Computer anal- 



ysis showed alterations in straight line and curvilinear velocity, 
as well as in linearity values. The amount of progressively motile 
spermatozoa, including all spermatozoa with a velocity > 20 
M.m/second. increased significantly from 24% ± 9.5% in the ref- 
erence test to 49% ± 7.6% in the microgravity test. In conclu- 
sion, there is strong evidence that gravity influences sperm 
motility. 

Key words: sperm motility, weightlessness. 
J Androl 1992;13:433-436. 



Several studies have shown that some processes take 
place differently and more favorably under zero gravity 
than under terrestrial gravitational conditions. Conse- 
quently, certain properties can only be achieved under these 
conditions. In this study, the motility of frozen and thawed 
bull spermatozoa was investigated under conditions of 
weightlessness and compared with motility under normal 
conditions on earth. Thus, the influence of gravity on func- 
tional processes of higher biologic systems was studied. 

For many reasons, the spermatozoon is an ideal model 
for examination of physiologic functions. So far, it is still 
unknown to what extent and in which manner biologic pro- 
cesses like cell differentiation, transportation, and develop- 
ment are influenced by gravity. Therefore, investigations 
performed under conditions of zero gravity should contrib- 
ute to the understanding of the influence of gravity on mo- 
lecular mechanisms involved in basic biologic functions. In 
this investigation, the effect of gravity on sperm movement 
characteristics was clearly demonstrated. As a result of the 
great attention during recent years to the objective analysis 
of sperm motility, it has become increasingly apparent that 
progressively motile spermatozoa and their movement char- 
acteristics are of biologic and, hence, clinical importance. 
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Materials and Methods 

Material 

Semen samples were obtained from bulls of the animal breeding 
and insemination station in Grub, Germany. Ejaculates were col- 
lected using an artificial vagina. Samples showing at least 80% 
sperm motility were diluted to a concentration of 40 to 50 x 
lO^/ml and frozen in 0.5-mI straws according to the method of 
Steinbach and Foote (1967). Frozen samples were thawed and 
maintained at 39°C until examination. 

Experimental Design and Mission Performance 

Experiments were carried out as part of the Technologische Ex- 
perimente unter Schwerelosigkeit (technological experiments un- 
der microgravity; TEXUS) program in November, 1988 (TEXUS 
19) and in May, 1990 (TEXUS 26) within a series of other sci- 
entific and technologic experiments under microgravity conditions 
using sounding rockets (Skylark VII, British Aerospace Corpora- 
tion). The TEXUS program, which is dedicated to the preparation 
of scientific experiments on board Spacelab, was initiated in 1976. 
TEXUS encompasses an unmanned German government rocket 
program that ensures weightlessness conditions for about 360 sec- 
onds and transports a payload of about 300 kg to an altitude of 250 
km. The payload is recovered by parachute and returned to the 
launch site by helicopter. The launch campaign is carried out in 
Kiruna, North Sweden, in cooperation with the European Space 
Agency (ESA) and the Swedish Space Corporation (SSC). 

Samples were measured in a specially developed, air-tight and 
temperature constant (39°C) chamber (Stromberg-Mika, Bad 
Feilnbach, Germany), which was part of the TEXUS module (Fig. 
I). Thawed spermatozoa were observed under a negative phase- 
contrast microscope (objective, Nikon ELWD 20x; ocular, Nikon 
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FIG. 1. The TEXUS experiment module. The module shown in the 
figure was developed by MBB-ERNO (Bremen, Germany). It was 
equipped with (1) a camera system (CCD); (2) ocular (Nikon CFW 
15x); (3) objective (Nikon ELWD 20x); (4) chamber; (5) condenser, 
filter, deflecting mirror; and (6) lamp casing. 

CFW 15x; Nikon Corporation, Tokyo, Japan). About 40 minutes 
before launching, samples were integrated into the payload. After 
lift-off, semen cells in the chamber could be monitored directly on 
line with a television camera. The observer on the ground was able 
to influence and to control experimental parameters via telecom- 
mand channels so that sharpness of focus could be adjusted. An- 
other channel allowed 12 (TEXUS 19) and 17 (TEXUS 26) 
different fields of vision during the microgravity phase. The tele- 
vision pictures were recorded on the ground. The actual gravita- 
tional force during the time of observation was < 10~ 4 g. 

Video tapes were evaluated using a computerized semen mo- 
tility analyzer (SM-CMA; Stromberg-Mika, Bad Feilnbach, Ger- 
many), which enabled the measurement of total and progressive 
sperm motility, as well as determination of sperm velocity (Katz et 
al, 1985, 1987; Knuth et al, 1987; Mortimer et al, 1988). The 
frame rate for motility analysis was 25 Hz. The time between two 
successive video frames was 40 msec; the actual observation time 
for each spermatozoon was 600 msec. Only those cells that could 
be detected in eight successive frames were evaluated. Curvilinear 
velocity was calculated from the sum of the straight line distances 
between all points along the track. Straight line velocity was cal- 
culated from the straight line distances between the First and last 
point of the track. In addition, within the group of progressively 
motile spermatozoa, three classifications could be distinguished, 
characterizing the quality of motion (Auger and Dadoune, 1988) 
by calculation of the linearity values (ratio of straight line to cur- 
vilinear, S/V; Fig. 2). 

To compare the data obtained during the flight of TEXUS 19, 
the motility of another aliquot of the same ejaculate was examined 
under identical conditions on the ground. In the TEXUS 26 ex- 
periment, the reference test was carried out immediately before the 
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FIG. 2. Examples of motion patterns of spermatozoa. Motility 
characteristics were derived from video acquisition and processing 
of the sperm track. V = curvilinear velocity (nm/sec); S = straight 
line velocity (p.m/sec), showing different moving patterns within 
groups of progressively motile spermatozoa. Progressively motile 
spermatozoa are split into three groups in accordance with their S/V 
ratios: S/V = 0.9 to 1.0 = linear forward; S/V = 0.8 to 0.9 = not 
linear forward; S/V = 0.0 to 0.8 = other movement pattern. 

launch using the same sample that was to be observed under mi- 
crogravity. The advantage of using the same sample was the elim- 
ination of variations within the measurements normally found in 
different aliquots of the same ejaculate. In TEXUS 19, a total of 
761 and 698 spermatozoa were evaluated under 1 g and zero g, 
respectively. By increasing the fields of vision, a total of 1 154 and 
1090 spermatozoa could be observed in TEXUS 26. The Wilcoxon 
signed rank test was used for analysis of significance. 

Results 

In TEXUS 19, no differences in quantitative sperm motility 
(which refers to velocity) were detectable under conditions 
of weightlessness when compared with motility under grav- 
itational conditions on earth. Total motility and the percent- 
age of spermatozoa with progressive motility (velocity > 20 
u-m/sec) were nearly identical under 1 g and microgravity 
conditions (Fig. 3). However, computer analyses showed 
significant alterations in motility patterns, which signify 
changes in path shape and are expressed as linearity value. 
The amount of linear forwardly motile spermatozoa (linear- 
ity value > 0.9) rose significantly (Fig. 4) from 42% ± 9% 
in the reference test on the ground to 73% ± 8% in the 
microgravity test (P < 0.005). On the other hand, there 
were no significant differences in straight line or curvilinear 
velocity. For both samples, there were only small devia- 
tions between velocity values under conditions of weight- 
lessness and values for the reference sample on earth (Table 
1). But these small differences were sufficient to shift the 
S/V ratio so that the portion of linearly moving spermatozoa 
rose significantly. 

In TEXUS 26, total motility was 71.4% ± 7.2% in the 
reference test and 79% ± 6.2% under microgravity condi- 
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FIG. 3. Comparison of quantitative motility on the ground (1 g) 
and under conditions of weightlessness (microgravity) in TEXUS 19. 
Spermatozoa are classified into three groups according to their ve- 
locity values: (a) total motility = all spermatozoa that move at a 
velocity >10 iim/sec; (b) progressive motility = all spermatozoa that 
move forward at a velocity > 20 jim/sec; (c) local motility = all 
spermatozoa that move within a range of 10 (jim/sec and 20 nm/sec. 
n.s. = not significant. 



tions (P < 0.005). A statistically high significant difference 
could be observed in the group of progressively motile sper- 
matozoa (Fig. 5). Progressive motility increased from 
23.9% ± 9.5% at ground conditions to 49% ± 7.6% (p < 
0.005) during flight. Curvilinear velocity values within this 
group also rose significantly, from 28.8 u.m/sec ± 2.5 u.m/ 
sec on earth to 31.9 u,m/sec ± 3.2 u.m/sec in space (P < 
0.01; Table 1). At the same time, local motility decreased 
from 47.5% ± 9. 1% in the reference test to 30% ± 6.5% in 
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FIG. 4. Motion patterns of progressively motile spermatozoa on 
the ground compared with those under conditions of weightlessness 
in TEXUS 19. Path shape is characterized and expressed by means 
of the S/V ratios = linearity values. These are defined as shown in 
Figure 2. 



Table 1 . Velocity data from bull spermatozoa on earth and 
under conditions of weightlessness 





TEXUS 19 




TEXUS 26 




Microgravity 


1 9 


Microgravity 


1 9 


Velocity (S) 


29.1 


27.5 


26.9 


23.8 




±9.4 


± 6.2 


± 2.8 


± 2.5* 


Velocity (V) 


29.8 


30.9 


31.9 


28.8 




± 9.9 


± 7.5 


± 3.2 


± 2.5f 



S = straight line velocity in (im/sec. V = curvilinear velocity in 
p.m/sec. 

• P < 0.005. 
fP< 0.01. 

the microgravity test (P < 0.005; Fig. 5). This implies that 
17.5% of the so-called local motile spermatozoa, which are 
defined as cells with velocity values between 10 u,m/sec and 
20 M-m/sec, could overcome the theoretically fixed velocity 
borderline of 20 u.m/sec. Under the influence of weight- 
lessness, these cells could be classified by computer anal- 
ysis as progressively motile spermatozoa. Regarding 
qualitative motility patterns (path shape), the portion of lin- 
ear forwardly motile spermatozoa with linearity values > 
0.9 rose significantly from 30.5% ± 12.8% on the ground 
to 42.2% ± 16.1% (P < 0.01) during flight (Fig. 6). This 
means there was an increase of linearity of 12% under the 
influence of weightlessness. 



Discussion 

Using bull spermatozoa, it was possible for the first time to 
show the influence of gravity on the motility of biologic 
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FIG. 5. Comparison of quantitative motility on the ground (1 g) 
and under conditions of weightlessness (microgravity) in TEXUS 26. 
Spermatozoa are classified into three groups according to their ve- 
locity values: (a) total motility = all spermatozoa that move at a 
velocity >10 u.m/sec; (b) progressive motility = all spermatozoa that 
move forward at a velocity >20 p.m/sec; (c) local motility = all sper- 
matozoa that move within a range of 10 p.m/sec and 20 jim/sec. 
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FIG. 6. Motion patterns of progressively motile spermatozoa on 
the ground compared with those under conditions of weightlessness 
in TEXUS 26. Path shape is characterized and expressed by means 
of the S/V ratios = linearity values. These are defined as shown in 
Figure 2. n.s. = not significant. 

systems. In the TEXUS 19 experiment, the first indications 
of the effects of microgravity were detectable, which were 
confirmed after the reflight of TEXUS 26. Reasons for the 
differences in the results found in both experiments can be 
attributed to the better experimental conditions during the 
second flight test. The use of the same ejaculate sample for 
both the reference test under terrestrial conditions and the 
microgravity test was very advantageous. In the first 
TEXUS 19 experiment, the reference test was carried out by 
thawing another sample of the same ejaculate. 

The changes detected in motility characteristics are def- 
initely due to weightlessness, as the results of the experi- 
ments demonstrate. This could also be proven by a series of 
supporting ground experiments in which launching condi- 
tions, like acceleration (12 g) and vibration, were simu- 
lated. No change in sperm movement properties was 
detectable in any case. Thus, microgravity conditions favor 
the motility pattern of spermatozoa and might possibly im- 
prove their fertilization capacity. 

There are possible explanations for these effects of mi- 
crogravity on sperm motility characteristics. The enhance- 
ment may be due to changes in membrane permeability, 
energy balance, or both. It also might be that in micrograv- 
ity, energy supplying mechanisms function more econom- 
ically and more rapidly. The activity of membrane-bound 
enzymes like thymidine kinase (E.C. 2.7.1.21) might be 
influenced by microgravity-induced changes of membrane 
permeability, causing an effect on DNA synthesis (Tair- 
bekov et al, 1982). The results of other space missions 
substantiate these assumptions, proving that weightlessness 
can have an influence at the cellular level. 



The Cytos Franco-Soviet experiments made on a unicel- 
lular organism, the Paramecium, on board Salyut 6 have 
shown a strong stimulating effect on cell growth rate (Planel 
et al, 1981). Among other effects, an increase in cytoplas- 
mic hydration, a drop in total protein content, and a change 
of the electrolytic content were found. This was shown by 
a decrease in intracellular calcium, probably related to 
structural changes in the cytoskeleton proteins, especially in 
their sites for calcium binding, or to modifications of the 
energetic metabolism connected to ciliary movement (Tix- 
adoret al, 1981). 

Montgomery et al (1978) reported that embryonal lung 
cells (WI-38) cultivated under microgravity conditions 
showed a 20% reduction in glucose consumption compared 
with cells tested in ground-based experiments. This sug- 
gests that energy consumption was lower for cells cultured 
in the absence of gravity than for cells kept in the ground 
laboratory. On the basis of these findings and the results of 
the TEXUS experiments, it would be of great interest to 
extend these studies to other biologic systems, especially to 
primate cells. 
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New types of large-pore polyacrylamide-agarose mixed- 
bed matrices for DNA electrophoresis: Pore size 
estimation from Ferguson plots of DNA fragments 

The average pore size value of gels containing polyacrylamide, covalcmly 
linked to agarose, was found to be 30* higher than the value of a regular 
N, /V-raethyienebisacrylamide (Bis) cross-linked gel of the same l ftT. B\ increa- 
sing the agarose concentration (10% of the total amount of polyacrylamide), 
gels containing low amounts of acrylumide (1.5—2%) are reproducibly 
obtained; their pore sizes are 130% larger than the pore sizes of a 4%"1", 3.3%C 
polyacrylamide gel. In general, mixed-bed matrices were found to be more ela- 
stic and mechanically stronger than classical polyacrylamide gels since an 
agarose-indueed gelation process takes place during their polymerization. 



I Introduction 

The ability to separate and recover DNA is a key com- 
ponent in studies of genetic regulation, genomic se- 
quence, diagnostic analysis and disease. Restriction map- 
ping of genomic DNA and analysis of PCR products re- 
quire the elect rophoretic separation of DNA fragments 
ranging in size from a few hundred to several million 
base pairs (bp), while DNA sequencing requires a separa- 
tion method capable of resolving fragments differing by 
a single nucleotide in length. The most frequently used 
matrices in slab-gel electrophoresis are cross-linked poly- 
acrylamide and agarose. Depending on the monomer 
and cross-linker concentration, pores of 5—25 nm are 
typically produced for poylacryiamide gels [1] whereas 
gelation of agarose leads to pore sizes of about 50-200 
nm or higher [2], This large pore size of agarose gels 
results from its ability to form helices, which laterally 
aggregate into pillar-like structures. Cross-linked poly- 
acrylamide is employed for the separation of molecules 
with M, of up to a lew hundred thousand, whereas 
agarose is used for separations beyond this, range. 
Agarose is the matrix of choice for the electrophoresis of 
high molecular mass DNA while its use, in the Held of 
proteins, is limited to large molecules like lipoproteins, 
proteoglycans and immunoglobulins. Polyacrylamide is 
widely employed for protein separations because its 
average pore size is close to the average diameter of 
globular proteins; moreover, the small size of its pores 
provides a tool for DNA sequencing and fine mapping. 

Matrices of intermediate pore sizes between that of 
acrylamide and the agarose would be extremely useful 
in the separations of biopolymers because there are 
important areas uf interest in the Held of prolein and 
DNA analysis in which the two most common matrices 
fail for different reasons. The resolution of DNA frag- 
ments in the range of 1000-5000 bp is not linear in poly- 
acrylamide gels whereas the sieving capability of agarose 
is inadequate and the bands in this region are too dif- 
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fuse. The resolution of higher molecular mass proteins is 
incomplete in standard polyacrylamide gels bacause of 
their poor gel penetration; this analysis requires highly 
porous, low-concentration polyacrylamide gels, which 
are difficult to handle, while agarose does not offer 
enough sieving capability. An improvement of DNA 
sequencing techniques can also be linked to the availa- 
bility of new gels with larger pores. 

In the past 10 years some articles have reported the use 
of new matrices which are based on substituted acryla- 
rnido monomers, none of which, from our point of view, 
has dealt in the proper way with the porosity problem. 
Boschetti [3] proposed a new monomer, Trisacryf con- 
taining a 2-hvdroxymeth>T-2-propanediol residue linked 
to the nitrogen of the amido group of acrylamide. Even 
though the matrix has a suitable hydrophilic character 
that reduces the interactions with proteins, and a larger 
porosity due to the monomers higher M, value, unfortu- 
nately this support has not found applications as a con- 
tinuous matrix in electrophoresis because of its inherent 
instability. As demonstrated by Chiari el al. [4], the pres- 
ence of —OH groups in the alkyl-substituent of the 
nitrogen of the monomer lessens the hydrophobicity of 
the resulting polymer; however, such -OH groups 
should be kept at a distance from the amido group suit- 
able to prevent the formation of rings with 5, 6 or 7 
members containing the amido linkage. The elongation 
of the chain substiutent carrying the OH prevents the 
transfer (5] of the acryioyl residue from the N to the O 
and avoids the intramolecular formation of an ester 
bond which is rapidly hydrolyzed, producing acrylic acid. 
Another elect rophoretic support. Hydroiink [6], devel- 
oped specifically for DNA separations, was described in 
1989. Hydroiink materials represent a novel family of 
gels based on A'-di substituted acrylamidomonorners. 
Their porosity is described to be intermediate between 
those of polyacrylamide and agarose gels. Dae to its 
character, the matrix seems to provide linear resolution 
from 100 to 5000 bp. However, the hydrophobicity of 
alkyS-substituted acrylamides in the matrix is too high to 
be useful for protein analysis, while another drawback is 
that the methacrylate cross-linkers, present in Hydroiink 
formulations, are prone to hydrolysis. 

More recently we have proposed [4] a new monomer, 
A-acryloylaminoethoxyethano! ( AAF.F). combining high 
hydrophiliciiy with hydrolytic stability. The gels formed 
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by ihis monomer show a strong resistance to alkaline 
hydrolysis and their porosity appears to be larger com- 
pared to poiyacrylamide of the same *.T value, since the 
M ofAAEE is double that of acrylamide. Poly(AAEE) 
formulations represent a solution to the problems of 
hydrolytie instability and the mobility of DNA fragments 
is about 10—15% higher than the mobility in the corre- 
sponding poiyacrylamide gels. In another approach. 
Righetti ct at. [7] described "laterally aggregated" poiy- 
acrylamide gels for electrophoresis. These new. highly 
porous matrices are obtained from a standard mixture of 
monomers l5 l VT,4%T) polymerized in presence of polye- 
thylene glycol (PEG. 10 kDtti which induces lateral 
chain aggregation, causing an interchain hydrogen bond 
formation. The porosity of this type of ge! was estimated 
by electron microscopy and it was found to be of the 
order of 2-300 nm. Laterally aggregated poiyacrylamide 
gels are routinely used in chromatography for producing 
discontinuous matrices but their use in electrophoresis 
is still in its infancy [8], 



It is well known that an increase in pore size is achieved 
by increasing the cross-linker concentration [9| or 
decreasing the % of the monomers [10]. However, this 
type of gels lacks mechanical strength, and in some cases 
they extrude water and are, in general, difficult to 
handle. Pore size of poiyacrylamide gels is inversely 
related to its concentration, but poiyacrylamide does not 
form gels below a concentration of 2% [111. In order to 
overcome this problem, cross-linked acrylamide is poly- 
merized in the presence of agarose, thus forming stable 
Ids with 0.5-1.5% scybmide and 0.6% agarose. The 
agarose-poiyacryfamitie gel electrophoresis procedure 

xJns ,,rixin.tll.\ u.«rf lor i he tnstlvsia. nf itratenglveuns. 

million Du [12}. The structures obtained at such tow 
poiyacrylamide concentrations are sufficiently porous to 
allow penetration of the very large proteoglycans. The 
composite gels, consisting of different combinations of 
acrylamide and agarose, allow reduction of the aeryf- 
amide concentration still offering favorable mechanical 
properties: they have been used for analysis of nucleic 
acids [13], viruses [14] and SDS-denatured, high molec- 
ular mass apolipoproteins [IS]. Various types of formula- 
tions were tried in order to produce large-porosity com- 
posite gels: matrices of discontinuous buffer composi- 
tion [161 and exponential gradient gels, from 0 to 10% 
acrylamide. and constant % agarose were used for the 
separation of large lipoproteins [17], 



used as sieving matrices in capillary electrophoresis at 
concentrations lower than 10% because of the anticon- 
vective nature of a capillary. Low-concentration polymer 
networks show the ability to resolve, in a single capillary 
zone electrophoresis (CZE) run. both small and large 
DNA fragments [21] (up to 23000 bp were analyzed in 
this system). 

The present paper describes the characteristics of new 
types of mixed-bed matrices formed by coporymcriza- 
lion of aliylglycidyl-derivatized agarose- and acrylamide. 
Elhylenically unsaturated polysaccharide resins con- 
taining isolated carbon-carbon double bonds, which 
undergo addition by polymerization or copolymerization 
in the presence of a catalyst, have been previously de- 
scribed [22]. Their use was limited to the production of 
eleeirophoretic supports in the form of gel films, with 
improved drying characteristics, useful in the separation 
of proteins, the aim of the present work was to investi- 
gate the porosity of the agarose-acrylamide gels, using 
the eleeirophoretic migration of double-stranded DNA 
molecules as a model. The mechanical properties of 
these composite gels are favorable also when working at 
a low concentration of acrylamide; easy gels to handle 
are formed at concentrations of poiyacrylamide as low as 
1.5-2%. The porosity of these formulations appears to be 
controlled by the poiyacrylamide concentration used, 
whereas the amount of agarose plays a role on the 
mechanical properties of the gels but its influence on 
the pore size is limited. 



2 Materials and methods 



tf-methylenebisacrylamide 
<AF) and A;,V,.VA"-fetra- 



Agarosc ilti, acrylamide, A 
(Bis), ammonium pcrsulfate 

:::*:m1ci.r-;'.:-nc'JL;r.:;re ■':'!: Ml : f> =;:.v yu:J'j:..:o uom 
Bio-Rad (Hercules CA, USA): ailyM glycidy! ether was 
from Aldrkh (Milwaukee, Wf, USA): Tris(/iyo"ro.v>meth- 
y!)aminomeihane. boric acid, and ethylenediaminetetra- 
cetic acid (EDTA) were purchased from Sigma (St. 
Louis. MO. USA). 



2.2 DNA 



In 1984 mixed-hod aerylamidc-agarosc gels. lacking 
covalent cross-linking with methylene bisacrylamide 
were introduced for separations of proteins and nucleic 
acids \18j.The gels obtained are Utermo-reversible with a 
melting point at S> C. High concentrations of linear poiy- 
acrylamide i from 10 to IS'V) polymerized m presence of 
agarose I from I to 2%). produce gels which offer separa- 
tions of proteins and DNA comparable with those 
obtained from standard .V, rV-ntelhylcnebtsacrylamtde 
CTOSS-hnVted ueVs Noncvo^-Ymked polymer matrices for 
e\ec\TOphoTe\k s,etpara*.\cms h\ swsv'rag weve described on 
bode \"Ol\ and Tien er of V2u\ who found thai polymer 
concenuaimtYs lower than W»T could not be mahv 
VaVned. on the sYah gs\, The Wneat gels arc commonly 



The following DNA molecular mass markers: marker V, 
a mixture of fragments from cleavage of plasmid 
pBR322 with restriction endonuclease Haelll. marker VI, 
a mixture of fragments from cleavage of plasmid 
pBR328 with restriction endonuclease Bull and of 
pBr328 with W/'nfl, and marker HI. a mixture of frag- 
ments from cleavage of lambda-DNA endonucleases. 
were from Boehringet Mannheim tGermanyV. the I kbp 
ladder was from Beihesda Research Labs (Uakb.eri.burg, 
MO. USA). 



23 Activation of agarose 

'Thirty three mg of sodium botohydride and 1 ,b mU of 
a\\v4\yc\4\\ ether* etc added, litt&et magneric staring, to 
a suspension of agarose 0 g'l in NaOVs tB ml, 0.3 sh 
After staring for Yl h, agarose was recovered from the 
susnenskm by ffivrahon and washed m\h dtsWWed. waver 
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to neutral pH. The derivatized agarose was dehydrated 
with methanol and dried in an oven at 35"C under 
vacuum. 

2.4 Nuclear magnetic analysis 

Activated agarose was dissolved in DMSO-d6 ai 90"C. 
After complete solubilization the temperature was low- 
ered to 50 "C and all the l5 C spectra at 50.29 MHz were 
acquired on the AM-Bruker wide-bore spectrometer. 

2.5 Preparation of polyacrylamide gels 

For all experiments reported here, 15 X 16 X 0.8 cm slab 
gels, cast between glass plates, were used. The gels were 
run in a Protean 11 2-D cell purchased from Bio-Rad. A 
stock solution (30%T, 3.3%C, where T represents the 
total amount of monomers! was diluted to the proper 
concentration of acrylamlde and Bis with I X Tris- 
acetate-EDTA (1AI-! buffer (40 him Tris. 20 mvs acetic 
acid. 1 dim EDTA. pH 8.2), then 1 uL per mL of 
TEMED and 1 uL per mL of ammonium persulfate 
(from a stock a 40°c>) were added, and the solution was 
mixed and quick!) poured into the previously prepared 
gel cassette. Gelation usually occurred within 5—10 min. 
depending on the acrylaniide concentration. Each gel 
was polymerized overnight in order to allow the poly- 
merization reaction to proceed to near completion. 

2.6 Preparation of agarose-aerylamide hybrid gels 

For all experiments reported here, 15 X 16 X 0.8 cm slab 
gels cast between glass plates as described in paragraph 
2.5 were used. The desired amount of a mixture of acti- 
vated agarose and normal agarose (ratio 2:1) was dis- 
solved at 95' C in 1 X TAE, the solution was cooled at 
50"C under stirring, the desired amount of acrylaniide 
was then added and lite volume was adjusted to its final 
value; then 0.3 ul. per mL of TEMED and 0.8 ul per 
mL of ammonium persulfate (from a stock a! 40%) were 
added, and the solution was mixed and quickly poured 
into the previously prepared gel mold. Gelation usually- 
occurred within 5—10 min. depending on the acrylaniide 
concentration. In this case the polymerization reaction 
was also allowed to proceed overnight. The polyacryl- 
amide concentration in each gel is indicated as %T 
whereas the percentage of agarose is in some cases 
stated as w/v concentration (g of agarose per 100 mL of 
gel) and in some others as w/w (g of agarose over g of 
polyacrylamide in 100 mL). 

2.7 Electrophoresis 

Electrophoresis was carried out in a vertical slab gel 
apparatus. The electric field was supplied by a Pharmacia 
I. KB ECPS 3000/150 regulated power supply. The 
applied voltage was always 150 V, corresponding to an 
effective field strength in the gel of 10 V'/cm (from the 
applied voltage and the distance between the electrodes). 
All gels were run at a controlled temperature of 23"C. 
Four ul. of samples containing 250 ug/mL of DNA were 
typically loaded in 3 X 5 mm sample wells; each solu- 



tion also contained 0.8 pi, of a solution containing 
1 ng/.mL bromophenol blue marker dye in 50% glycerol. 
The duration of electrophoresis ranged from 1 to 4 ft. 
depending on the composition of the gel; all gels were 
run until the marker dye had migrated 70% of the length 
of the gel. After electrophoresis, the gels were stained 
15 min in a solution containing 2.5 ug/L ethidium bro- 
mide. Mobilities were determined from photographs of 
the stained gels by using the measurement of a ruler 
photographed simultaneously to provide the magnifica- 
tion factor. 

2.8 Calculation of absolute mobilities 

The apparent mobility of the various DNA restriction 
fragments was calculated from Eq. (1), 

p : . = < //£> (1) 

where u,, bE is the absolute mobility, rf is the distance in 
cm migrated by a given fragment in the gel, E is the elec- 
tric field strength in V/cm, and i is the time in seconds. 
The absolute mobility calculated from fragments in gels 
of identical compositions agreed within ± 5%. 

2.9 Calculation of Ferguson plots 

For each of the DNA fragments ranging from 64 to 1330 
bp of the different DNA markers, Ferguson plots were 
constructed by plotting the logarithm of the absolute 
mobility of the fragment as a function of gel concentra- 
tion, %T. They y-axis intercepts of the straight lines, 
extrapolated from the experimental values of the Fer- 
guson plots to zero gel concentration, represent the u,,. 

2.10 Estimation of gel pore size from the Ferguson plots 

According to the Ogston theory [23] when the DNA frag- 
ment has a size M (in kbp) and length L such that Rm < 
a, where a is the average pore size of the gel, the gel is 
thought to separate She different fragments by a sieving 
mechanism [24]. In this case, the curves p.., hs vs. %T can 
give an estimation of the average pore size a as a func- 
tion of the matrix concentration. Ferguson plots [25] can 
be used to estimate the effective pore size of polyacryl- 
amide gels by determining the gel concentration at 
which the mobility of a given DNA fragment is equal to 
half its mobility at zero gel concentration. At this gel 
concentration, assuming a Gaussian distribution of pore 
sizes, a macromolecule with a size equal to the median 
pore radius of the gel should be able to access half the 
available get volume [9, 23, 24, 26-29], The most appro- 
priate value for the radius of the DNA migrating macro- 
molecules thai has to be used is an object of debate. In 
the present work, according to [26], the geometric mean 
radius, R, the radius of a sphere equal in volume to the 
cylindrical DNA molecule [30, 31], was used to estimate 
DNA size. For DNA the geometric mean radius R, in 
nm, is defined as: 

R = 0.755 (bp)'" (2) 
where bp is the number of bp in the fragment. 
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3 Results 

3.1 Synthesis of allylglyddyl-derivatized agarose 

Low elecuoosmosis agarose derivatized as described in 
Section 2.3 was subjected to NMR analysis. As generally 
accepted, the basic unit of agarose consists of alternating 
3-linked p-o-galactopyranose and 4-linked 3.6-anhydro-ct- 
L-galaetopyranosc residues. Substitucnts such as sulfate 
esters, methyl ethers, etc., are present in different 
amounts. The proton-decoupled *C NMR spectrum of 
agarose shows the typical resonance of the base unit and 
also the presence of a methyl ether in position 6 of the 
pyranose ring. All the resonances were assigned on the 
basis of previously reported assignments [32]. In the 
proton decoupled "C NMR spectrum of activated 
agarose the two characteristic signals of methyne car- 
bons are present (Fig. 1) in a well-separated region and 
therefore were used lor quantitative determination with 
respect to the anomeric signals. All the proton-decou- 
pled spectra were acquired with sufficient relaxation 
delay (30 s) in order to justify the integration of signals. 
The regions of anomeric resonances and methyne car- 
bons were integrated separately. The ratio between the 
two integrated regions gives the amount of allyl-glyeidyl- 
elher insertion, which indicates one molecule per one 
base dimer (Fig. I). 

3.1.1 Mixed-bed gel polymerization 

Thermostable polymers were obtained by radical copoly- 
merization of at lylglycidy l-derivat i zed agarose and acryl- 
amide, catalyzed by ammonium pcrsulfate and TFMED. 
The addition of a small amount of regular L£ agarose 
(1/3 of the total agarose content) was found to increase 
the eleelrophoretic mobility of the larger ON A frag- 
ments. A further increase of agarose percentage pro- 
duces insufficiently elastic gels. 





fi&u* - Photograph of a typical hybrid gel, 0.4"' agarose 
activated, 1/3 normal I cast and run at 10 S/cm for 105 min In 
buffer, From left to right lanes: il) I khp ladder t.'i DNA marke 
(3) DNA marker V, (4) DNA marker lit 



3.1.2 Dependence of absolute mobility on DNA 

molecular mass and Ferguson plots from absolute 
mobility 

DNA restriction fragments (molecular mass markers) 
were elect rophoresed on polyacrylamide gels of different 

%T ranging from 3 to 10% and of variable mixed-bed 
composition. Figure 2 shows a representative mixed-bed 
gel cast and run in TAP. buffer. The curves of Fig. 3 are 
double-log representations of absolute mobility vs. DNA 
molecular mass, expressed in bp, in gels containing 3. 4. 



Figure S. Double log plot of absolute mobility nw.wm DNA molecu 
mass (in bp) in gels containing different percentage"- or polync 
amide 1%T) and 4.7'»s of agarose (1/3 activated and 2'3 regul 
expressed as w^w of poly aery larmde. 




Figure !. Schematic representation of ally! glycidyl denvataed 
agarose. Resonances of CI and C2 referred lo DMSO signals: i 16.05 
ppm and 135.27 ppm. respectively. 



6. 8, and 10% of polyacrylamide and 4.7% of a mixture 
activated and regular LE agarose (2/3 and 1/3. resp- 
lively) calculated over the percentage of polyacfylami 
composition. The five curves exhibit a sigmoidal prol 
and are linear at the lowest molecular mass investigati 
with a siope in relation to the acrylamide coneentratk 
Figures 4a and 4b represent typical Ferguson plots has 
on" absolute mobility for the fragments of 64, 123. 2. 
458. 587. 983, and 1330 bp in polyacrylamide gels a 
taming 3.3% Bts and mixed-bed gels containing 4. 
agarose, respectively. The plots denote a similar prof 
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/iyjffc -/. Ferguson pirns based on absolute mobility The logarithm of 
the absolute mobility. u, ; ,,, is plotted .is a function of polyacrylamide 
concentration. 0 t>T (A) in 3.3% Bis cross-linked gels,, and (B) in hybrid 
gels, [be number of base pairs is indicated beside each curve. The 
straight lines represent linear regression of the experimental values 
indicated in the plots. 

and they are both linear and nearly parallel. Hie increase 
of their slopes, with DNA molecular mass, is slower for 
mixed-bed gels than for polyacrylamide gels. Both Fer- 
guson plots do not appear to converge at a common 
intercept at zero gel concentration. As described by 
Holmes and Stellwagen [33, 34]. the Ferguson plot 
profiles are determined by the cross-linker concentra- 
tion: gels containing 0.5— iVoC show parallel curves, 
whereas gels containing 4% Bis appear to converge close 
to a common intercept at zero gel concentration. The 
mobility in low cross-linked gels decreases slowly while 
increasing the gel concentration and fragment size. 

3.2 Mobilit) sit zero gel concentration 

The mobility in free solution [35] should be independent 
of DNA molecular mass; its value is a function of tem- 
perature and ionic strength. However, according to other 
authors [34], the absolute mobility, extrapolated at zero 
gel concentration from the experimental Ferguson plots, 
depends on the size of the DNA fragment considered 
and on the gel composition since the different curves do 
not intercept the x axis at the same value. The u,, c F 
value in the terminology of Rodbard and Chrambach (24, 
36]! cannot be directly extrapolated from the Ferguson 
plot. Hj determine the p.,. the mobility of the smaller 
DNA marker fragments was extrapolated to zero gel con- 
centration, and to zero molecular mass as shown in Fig. 
5a for the mixed-bed gels and in Fig, 5b for the poly- 
acrylamide gels. The necessity of extrapolating the free 
mobilit) from a double-limits plot suggests that an inten- 



se 

Figure 5. Log-log plots of the absolute mobility extrapolated to zero 
get concentration, u 0 , as a function of the number of base pairs ii- the 
fragment. Values extrapolated from Ferguson plots of Fig. 4. (A) Poly- 
acrylamide gels, (B'l hybrid gels. 

action between the DNA molecules and the electropho- 
retic support occurs during electrophoresis. The esti- 
mated u,j value was of 2,8 X 10 ' for the mixed-bed gels 
and 3.0 X JO " 1 for the polyacrylamide gels. Both these 
values are lower compared with the values determined 
in free solution and reported in the literature [30]. The, 
values extrapolated from the experimental curves were 
used to determine the size of the fragments of mobility 
corresponding to sj.,,/2. 

3.3 Gel pore radius determination for polyacrylamide 
and mixed-bed gels 

The pore size of polyacrylamide gels containing 3%C was 
determined by Holmes and Stellwagen 130. 33, 34], using 
both the geometric mean radius R and the root-mean- 
square trms) radius of gyration of a wormlike coil. A',,, to 
estimate DNA molecular size. The pore size values deter- 
mined were strongly dependent on the parameters used 
for their estimation; when R was used, the calculated gel 
pore radii decreased from ca. 5 tun to 0.6 ran when the 
gel concentration ranged form 3.5 to 10.5%T. 3.(WbC. 
whereas larger values_were found, from 30 to 3 nm, 
using R c , instead of R to estimate DNA size. In the 
extended Ogslon theory, the macromolecular size of a 
DNA fragment having a mobility corresponding to one- 
half of the mobility in free solution represents the 
average pore size of the corresponding gel. In the 
present work wc evaluated the pore size according to 
|30J using R to assess the DNA size; our data concerning 
the polyacrylamide are shown in Fig. 6 (line a). The 
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4m»t 6. Log-log plots representing the dependence ol the ^«"««t 
«i pore size. ;.s a function of polyacrylamide concentra ions m 
,al 3.3* His cross-linked acrylamide gels. <b> hybrid gel* win ^.fw 
agarose a. wAv of acrylamide. ic) hybrid gets with la* agttfosc 
«J acrylamidcl. K. geometric radius, was used for UNA w measur* 
mem. The slope values of the straight Mn* « rapouted by mear 

regression from the experimental values are: (a) 1.025, <&1 ina 

(c) 0.63. 

apparent pore radius as a function of acrylamide concen- 
tration is represented in the log-iog plot of F,g.^ 6 po ; e 
sizes from 3.2 nm (*T. 3.3%C) to 1.2 nm in 10--.T. 
^3%C) These values sufficiently agreed with llw deno- 
minations of [30]. The slope of the line is -1 ; the ^va ue 
is much larger than the value ot -0.5 piedMed byth. 
extented Ogsion theory. The double log graph or Fig. 6 
Surve b) shows the dependency of the mixed-bed gd 
pore size on the percentage of polyaco1um.de of the. 
L containing 4.7% of agarose over the acrylamide con- 
£,S • -fhc curve has a slightly different slope of 
IS and the size of the pores decreases « 4 M -to 
1 3<) nm when the concentration increases from 3 .o iO 
o, polyacrylamide. The gals also have an opt.mal m e.h. - 
nical resistance at the lowest acrylam.de comu tra.on 
Rv increasing the amount ol agarose (activated uti 
double bonds and regular LE agarose, up to the optima 
value of 10% over the polyacrylam.de » 
easv-to- handle gels are obtained with concern mt.oL, , 
pSaS-yTamide as low as 1.5%. Their porosity .s shown » 
Fie 6 curve c). The line has a slope ot -0.63, a value 
close to he theoretical value predicted by the Ogston 
extended theorv. When the acrylamide concentration 
te 5L the porosity of these gels reaches the value of 
7.48 nm. 



/w- J Log-log plot uf absolute mobility m*» DNA fragments 

S bp.'in Tli garose (curve a, run at 4 V/em. hybnd gel .2 T. 10* 

w/wof aco'Umioc agarose .curve b) and «WT. JJ%C. polyaerylam.de 
(curve c! both run at 10 V/cm. 

of their poor mechanical strength. The mixed-bed gels, 
on the contrary, seem to have strong mechanical proper- 
ties and are remarkably elastic also at low polyacryl- 
amide concentrations. 

Another important feature of this mixed-bed system is 
Z Sty to form handy gels also at low concentrations 
of polvacrvlamide (1.5-2%) in the presence ot at east 
0.2% agarose, since agarose favors gelation during poly- 
merization DNA molecules exhibit an extremely high 
mobility in dilute geis. This is expected, since the abso- 
lute mobility of a given DNA fragment increases rapid 
when enlarging the pore radius by decreasing %T ^con- 
stant %C Finn re 7 shows the comparison between the 

matrices: LE agarose 1 .2%, polyae Olamide 4 ^ -O ' «C, 
and 2%T. 10% agarose rmxed-bed ge The absolute 
mobility observed in hybrid gels is close to that ob 
e -ved n a 1.2% agarose gel. Figure S shows the electro- 
ohoreii profile of the separation in the three different 
n it ices The resolution of fragments ranging from 60 to 
S bp s easily achieved in the two matrices containing 
polvacrvlamide. whereas lower resolution is obi a med n 
Se agarose gels. Even though agarose is the maim oi 
choice for higher molecular mass fragments, from 2000 
o 23000 bp nevertheless hybrid geis seem to be porous 
enough to allow the penetration of these fragments. This 
new matm appears to be able to extend the interval o 
macular size that can be separated on a single gel, a 
Z tame 'time offering good resolution lor small ana 
large DNA fragments. 



4 Discussion 

In the literature there is no agreement on the data 
egardina the real size of polyacrylamide gels ([/} and 
references therein). However, different authors using dif- 
m approches have arrived at the same condu^onj 
(i , u anv riven %T the minimum pore radii are round n 
gels containing 5 or 10%C; (it) the maximum pore rami 
; rc observed in gels containing a low -*C U-z^- ine 
electrophoretic mobility of linear DNA, proportional to 
the gef porosity, is, in mixed-bed matrices, higher than 
the mobility observed in polyacrylamide gels o. the 

ame %T analogously to that observed for low cross- 
linked aels when compared with 5%C cross-linked gels. 
Se practical use of large porosity, low cross-linked po y- 

e^tamide eels, in electrophoresis, is limited as a result 



Tine apparent absolute mobility of DNA fragments in 
Sbrid gets was compared with the mobility of the same 
Kments in polyacrylamide matrices, and Fergu on 
plots were employed to deduce pore size values of the 
wo systems evaluated in the same conditions. 1 he deter 
minadon of the pore size of the two most wide y usoa 
electrophoretic supports, poiyacoiam.de and agarose 
has been the object of extensive investigations these 
pas, 10 vears. One possible approach to this problem is 
ffstudv' the apparent absolute mobility ot linear DNA 
t°m*k« bv constructing Ferguson plots. According to 
the extended Ogston theory of pore size dis tnbut.on tl e 
volume fraction PIR M ) of pores in a randon work o 
linear fibers, large enough to admit a sphere oi radius 
R«, is 
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iBl hybrid set containing 2*, acrylaroide. 
1 '.) ■ agarose (expressed as sr/w o! ! poly- 
acryiamide!, (Ci 1,2"!: agarose. The con- 
ventional polymery iamide gel was run 
at 10 V/cm for 200 mm. I he mtaed-bed 
gel was run ai 6.5 V/cm for 300 min. 
the agarose gel *i.S run al 4 V/cm 
for 195 min. Samples: i!) marker III. 
■ 2t marker V, (3 s market VI. (4) and (4bl 
I kbp ladder. 



= e *•(/• + « M 1 (3) 

where v is the average number of fibers per unit volume. 
/ is the average fiber length, and r is the fiber radius. 
Assuming that W « T. where T is the gel concentration, 
and that the mobility u of a DNA fragment or' size R v is 
proportional to the volume fraction of the gel it can 
enter. Eq. (3) leads to the relation 

log M = log i,iMs - A' a T (A) 

According to ibis model, log n vs. %T plots give straight 
lines, with slope AV and intercept log p.... From Eq. (3) 
the average pore size a is calculated from the Ferguson 
plots by determining the gel concentration at which the 
mobility of a given DNA fragment is equal to one-half 
its mobility at zero gel concentration. 

However, there are considerable limitations to the above 
model. In the extended Ogston theory DNA fragments 
are considered as rigid objects: in reality, the electric 

field produces a deformation on the DNA conformation, 
forcing the maeromolecules to pass through pores which 
are too small for them. The effective radius R M of the 
molecules itself is not unequivocally defined and the use 
of the mean geometric radius. R. instead of Rg, leads to 
an estimation of the pore size which differs by one order 
of magnitude. Moreover, the Ogston theory does not 
consider the way in which the pores, available to a partic- 
ular fragment of size /? M , arc connected: a large volume 
of unconnected pores is not used for migration. Given 
the above limitations, we do not aim at assessing abso- 
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Figure v. DNA molecular malt marker separation m t AI 2 agarose 
gel. (B) hybrid gel 2%T, 10% agarose {w/wdo of acryiamide). Both gels 
are casi and run in a horizontal submarine system. The agarose get 
was run at 4 V/cm in TAE butler for ISO min. the hybrid gel was ran 
at 6.5 V/cm lor 240 mm. Samples: (I) 1 kbp ladder, (2) marker VI, 
.-. < marker V, and iA) martyr 111. 



lute pure size values tor our new polymers using the 
Ogslon model since we are conscious of the high 
number of variables involved in this determination. 
Therefore, to investigate the pore size differences 
between new and conventional polyacrylamide matrices, 
a comparative study was performed on the pore size 
determination of both systems. As previously discussed, 
we selected a method based on the use of Ferguson 
plots and employing the mean geometric radius. R to 
assess the macromolecular DNA size value. The poly- 
acrylamide pore size values thai we found agree with the 
data previously calculated with the same method [30], 
The results of (he systematic study performed on our 
system leads to the following conclusions: (i) Ferguson 
plots of low molecular mass DNA fragments are almost 
parallel, and extrapolate to different mobilities at zero 
gel concentration; (ii) gels containing polyacrylamide, 
covaienily linked to agarose, exhibit an average pore size 
value that is 30% highe r than the value of a regular 3.3% 
Bis gel cross-linked with the same WT; (in) increasing 
the agarose concentration (10% of the total amount 
of polyacrylamide), low-acrylamide containing gels 
(1.5—2%) are reproducibly obtained; their pores are 130% 
larger than the pores of a 4%T. 3.3%C polyacrylamide 
gel. In general, mixed-bed gels were found to be more 
elastic and mechanically stronger than classical polyacryl- 
amide gels since an agarose-induced gelation process 
takes place during their polymerization. As a result of 
this latter event, the gels are not inhibited by atmos- 
pheric oxygen during their polymerization. Hybrid gels 
can be east between glass and then run in a vertical 
system or polymerized at open face and ihen run hori- 
zontally as classical agarose gels. As shown in Fig. 9, this 
system provides an important tool for rapid and easy sep- 
arations of low molecular mass fragments, i.e. PCR prod- 
ucts, that can be analyzed in a system similar to a clas- 
sical agarose horizontal gel yet offering the typical reso- 
lution "of the more powerful polyacrylamide technique. 

M. Chiari and I'. G. Righmi arc supported by grants/mm 
the European Community, Human Genome project: GENk- 
CT 93-0024 and GEKE-CTQ3-Q0I8, respectively. 
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1 Introduction 

Certain double-stranded DN A fragments exhibit anomalous 
mobilities in polyacrylamide gels (reviews: 1 1 -4|). The mobi- 
lities of the anomalously migrating fragments are either slower 
1 5-8] or faster j 5. 9 1 than expected on the basis of their known 
molecular weights. Anomalously slowly migrating fragments 
often contain runs of adenine (A) or thymine (T) residues in 



Correspondence: Dr. Nancy C. Stdlwagen. Department of Biochemistry. 
University of Iowa. Iowa CH>. Iowa 52242 USA 

Abbreviations: Bis. ,V,,\'-meihyiei!«bisaerylamide; bp, base pairs: 
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phase with the helix repeat [7. 10. 1 1 1, although some anom- 
alously slowly migrating guanine -cytosine [G-C) rich frag- 
ments are also known [8,9, 12, 131 Many of the anomalously 
slowly migrating fragments appear to be stably curved or 
bent: such fragments exhibit curvature when visualized in the 
electron microscope 1 14, 151. have enhanced rates of ligase- 
catalyzed circle formation I lb. 171. and/or exhibit electric 
birefringence or dichroism relaxation times that are faster 
than observed for normally migrating fragments of the same 
molecular weight. Faster relaxation times are consistent with 
curvature of the anomalously migrating fragments [ 1.8 -20]. 

Why curved DNA fragments exhibit anomalously slow elcc- 
trophoretic mobilities in polyacrylamide gels is not well under- 
stood. The mobility anomaly increases with increasing poly- 
acrylamide concentration 17. 8. 21-231. suggesting that the 
curved molecules require larger pores through which to 
migrate [7. 22, 24-261. Correlations have been made between 
the extent of the mobility anomaly and the degree of curvature 
of the DNA fragments I 25-271, However, a recent study has 



Estimation of polyacrylamide gel pore size from Ferguson 
plots of normal and anomalously migrating DNA 
fragments 

I. Gels containing 3 % N,N'-methylenebisacrvlamide 

The mobilities of normal and anomalously migrating DNA fragments were deter- 
mined in polyacrylamide gels of different acrylamide concentrations, polymerized 
with 3 % A', iV'-methylenebisacrylamide as the crosslinker. The D N A samples were a 
commercially available 123-bp ladder and two molecular weight ladders containing 
multiple copies of two 147-base pair (bp) restriction fragments, obtained from the 
Mspl digestion of plasmidpBR322. One of the 147 bp fragments is known to migrate 
anomalously slowly in polyacrylamide gels. Ferguson plots were constructed for ail 
multimer ladders, using both absolute mobilities and relative mobilities with respect 
to the smallest DNA molecule in each data set. If the retardation coefficients were 
calculated from the relative mobilities, and the rms radius of gyration was used as the 
measure of DNA size, the Ogston equations were obeyed and the gel fiber parameters 
could be calculated. The effective pore sizes of the gels were estimated from the gel 
concentration at which the mobility of a given DNA molecule was reduced to one- 
half its mobility at zero gel concentration. The estimated pore radii ranged from ~ 1 30 
nm for 3.5 % gels to - 70 nm for 10.5 % gels. These values are much larger than the 
pore sizes previously determined for the polyacrylamide matrix. 
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suggested that pore size alone cannot be responsible for the 
anomalous mobility of curved DMA fragments in polyaeryi 
a midc geis. because increasing the pore size does not eliminate 
the anomalous mobility 123 1. In addition, anomalous 
mobilities arc not observed for curved fragments in agarose 
gels ranging up to 9 % in concentration 12. 8. 9. 21. 231. 

The pore sizes used in the previous study 1231 to evaluate the 
anomalous mobility of fragment 12A and its multimers in 
polyaerylamide gels were taken from values in the literature. 
These pore sizes \\ ere determined from the mobility of proteins 
[ 28 • 30 1 or small UN A restriction fragments |8) in polyacryl- 
amidc gels, using the extended Ogston theory of pore size dis 
tribution to estimate pore size (1 30-32]. reviews: |2. 33. 34|). 
However, pore sizes have been determined for only a limited 
number of acrylamide and crosslinker concentrations. In ad- 
dition, the pore sizes determined in the various studies agree 
with each other only in order of magnitude i 23 1. Therefore, in 
the present work we have made an extensive and systematic 
study of the mobility of various DNA fragments in polyacryl- 
amidc gels of various compositions, in order to determine a 
consistent set of effective pore sizes in the various gels. 

In the first paper in this series, mobilities were measured for 
normal and anomalously migrating DNA fragments in poly- 
acrylamidc gels containing 3 % A*. iV'-methylenebisacryl- 
amide (Bis) as crosslinker. Ferguson plots (logarithm of 
mobility vs. gel concentration 1 351} were constructed using 
both absolute mobilities and relative mobilities with respect to 
the smallest DNA molecule in each molecular weight ladder. 
Retardation coefficients were calculated for the various DN A 
fragments from the two types of Ferguson plots, using two dif- 
ferent methods to estimate DNA size. The results suggest that 
the Ogston equations are obeyed and get fiber parameters can 
be estimated if the Ferguson plots are constructed from 
relative mobilities and the size of the DNA molecules is es- 
timated from the root-mean square (rms) radius of gyration. 
I n the second paper of this series, the pore sizes of a variety of 
polyacrylamidc geis of different crosslinker concentrations 
will be compared. The third paper in this series will present an 
analysis of the effect of gel pore size on the anomaious mobility 
of the cursed DNA fragment studied here. The final paper in 
this series will present an analysis of the retardation coef- 
ficients obtained for different fragments in gels of different 
crosslinker concentrations. 



2 Materials and methods 

2.1 Materials 
2.1.1 DNA ladders 

Three different DNA molecular weight "ladders" were used 
for the studies reported here. Each of the ladders consists of a 
series of DNA molecules containing different numbers of 
monomer fragments. (The term "'ladder"" comes from the 
relatively even spacing of such multimers on an electrophore- 
sis gel ) Two of the monomers were the two 147-bp fragments, 
called I2A and I2B. obtained from the Mspl digestion of 
plasmid pBR322 1 36 1. Fragment 12B migrates normally in 
polyacrylamidc gels, but fragment 1 2 A migrates anomalously 
slowly 18.21.231. Because of cloning procedures, each mono- 
mer in these two multimer ladders contains 167 base pairs, 
plus four unpaired bases at each end. The cloning procedures 



and methods used to generate the molecular weight ladders 
have been described in detail previously 123. 37 j. The third 
molecular weight ladder used for the present studies was a 
commercially available 123 bp ladder (Cat. No. 56135A, 
Bethesda Research Laboratories. Gaithersburg, MD). The 
DNA molecules in this ladder migrate normally in polyacryl- 
amidc gels i 231. 

2.1.2 Gel media 

Acrylamide and Bis were Ultrapure Electrophoresis Grade 
reagents purchased from Bethesda Research Laboratories. 
,V,,V,A 7 ',,Y'-Tetramethylenediamine(TEMED)waspurchased 
from Fisher Scientific (Fair Lawn. NJ ). Ethidium bromide was 
purchased from Sigma (St. Louis. MO). All other chemicals 
were reagent grade. 

2.2 Methods 

2.2.1 Preparation of polyacrylamidc gels 

For all experiments reported here. 1 5.5 x 26.5 x 0. 1 5 cm slab 
gels were used, cast between glass plates as described 1381. The 
gels were supported in a home built gel cabinet similar to those 
available commercially. A detailed description of the gel ap- 
paratus and the methods used to prepare the gels will be 
presented separately. Briefly, the desired quantities of acryl- 
amide and Bis were dissolved separately in distilled water, 
mixed and diluted to the proper concentration with TBE buffer 
(TBE: 0.032 m boric acid, 0.05 M Tris base, and I m.M EDTA. 
pH 8.2). Then 0.1% w/v freshly dissolved ammonium 
persulfate and 0.1 % v/v TEMED were added, and the solu- 
tions were mixed and quickly poured into the previously pre- 
pared gel form. Gelation usually occurred within 5 15 miu. 

depending on the acrylamide concentration. Each gel was 
aged overnight in a gel cabinet containing TBE. in order to 
allow the polymerization reaction to proceed to completion 
1391. The polyacrylamidc concentration in each gel 0-»>T) is 
given as the total w/v concentration of acrylamide plus Bis. 
The crosslinker concentration (%C) is given as the w/w 
percentage of Bis included in %T; for the studies reported here, 
the Bis concentration was always 3 %. 

2.2.2 Electrophoresis 

Electrophoresis was carried out in a vertical slab gel apparatus 
of standard design ! 8. 38], The electric field was supplied by a 
HeathK.it Model SP 27 1 7A regulated power supply (Benton 
Harbor. MI). The applied voltage was always 1(50 V. cor- 
responding to an effective field strength in the gel of 3.3 V/ctn 
(from the applied voltage and the distance between the 
electrodes). The actual voltage in the gel was measured to be 

3.3 V/cm in a separate experiment, using a Flu'-.e digital mul- 
timer. Model 75 (Everett. WA). Control experiments in- 
dicated that the variation of the effective field strength from 
one experiment to another was about 1 2 %. All geis were run 
at room temperature. 23 d C. The temperature was constant 
across the length and breadth of the gels, as measured by a 
digital liquid crystal thermometer strip (Sargent- Welch, 
Skokie. II.} attached to the outer gel plate. The uniformity of 
temperature across the width of the gel was also indicated by 
the absence of "smiling"' effects. All gets were pre-electro 
phoresed at 3.3 V/cm for at least 2 h before the samples were 
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loaded, to remove polar impurities [8], The DNA samples 
typically contained about i jig of a DNA ladder diluted to 8.0 
u L v.. ith TO. 1 E buffer i 1 0 mM Iris- HC1 buffer, pH 8.0. piusO. 1 
mvi EDTA ): each .solution also contained 0.8 uL of a solution 
containing I ug/jtL Bromophenol Blue marker dye in 50% 
glycerol. After preparation, the DNA solutions were vortexed 
and layered under the buffer in the 9 x 1.5 mm wells ofthegel. 
Each gel also included a lane with one of the plasmids digested 
to completion, to mark the position of the monomer band. 
Complete digests contained only the 12.A or 12B monomer 
fragment and two fragments of the vector ( 1 427 and 2936 bp). 
All gels were run at E — 3.3 V/ctn, a field strength at which the 
mobilities are independent of E 1231. The duration. of electro- 
phoresis ranged from 4 to 40 It. depending on the composition 
of the gel: all gels were run until the monomer bands had 
migrated. 50-90 ".> of the length of the gel. After electrophore- 
sis, the gels were stained 15 min in a solution containing 2.5 
jtg/L ethidium bromide. Mobilities were determined from 
photographs of the stained gels, using a Polaroid MP 4 Land 
camera and Polaroid Type 57 high speed film with a No. 23a 
wrattan filter. All measurements of migration distances were 
made from the photographs, using the measurement of a ruler 
photographed simultaneously to provide the magnification 
factor. A photograph of a typical electrophoresis gel is shown 
in Fig. 1 . 

2.2.3 Calculation of absolute and relative mobilities 

The apparent absolute mobilities of the DNA fragments in the 
various gels were calculated from Eu. ( I ). 

Mabs " g~ t 0 ) 

where is the absolute mobility, d Is the distance in cm 
migrated by a given fragment in the gel E is the electric field 
strength in V/cm. and / is the time in seconds. The absolute 
mobilities calculated for the various DNA fragments in dif- 
ferent independently prepared gels of identical composition 
agreed within ± 5 "i>. Relative mobilities,/!,* were calculated 
for each of i he DNA fragments in each of the molecular weight 
ladders using the mobility of the monomer of each individual 
multimer ladder as the reference mobility, according to Eq. 
(2). 



where («:,j,j,.,is the absolute mobility of the dimer to n-mer and 
i,«.i.di is the absolute mobility of the smallest molecule in the 
data set. For consistency, the reference mobility was chosen to 
be the mobility of the monomer of the molecular weight ladder 
being characterized. 

2.2.4 Calculation of Ferguson plots 

Ferguson plots 135! were constructed for each of the DNA 
fragments in each of the molecular weight ladders by plotting 
the logarithm of the absolute mobility of the fragment as a 
function of gel concentration. %T. The negative slope of such 
a plot is defined as the retardation coefficient, using the 
relation: 

In /u = it! fi,, K R T (3) 

where In// is the natural logarithm of the observed mobility and 
/ms the mobility extrapolated to zero gel concentration. Note 




Figure /. Photograph ol" a typical polyacrylamide gel. 5.7 %T, 3 % (.'.cast 
and run in TBE buffer. From left to right the lanes contain : lane 1 1 tplasmid 
PB20 digested ic completion with t'wRl [molecular weights 2<»?6. 142" 
and 153 bp from top to bottom): (2) the I2B multimer ladder (multiples of 
167 bp>: (3) the 1 2 A nultimer ladder (multiples of 1 1 " : bp: these fragments 
r.ir T .: :noi\ K than the corropondsn;! I 21) n-.iihinier.-: :-4lihe I23'nr 
'■adder. 



that this definition of A'r differs from others in the literature 
based on log , BJ u I 32 3 1 1. As discussed previously! 401. it is not 
clear that absolute mobilities are appropriate for analyzing 
data using the extended Ogston theory. The Ogston equations 
do not take into account a variety of factors which might 
influence the absolute mobility, such as interactions of the 
DNA molecules with the matrix 123. 36) and/or the effect of 
different buffer ions on the observed mobility (D. L. Holmes 
and N. C. Stellwagen. in preparation). To interpret differences 
in mobility between molecules that differ only in molecular 
weight, it would seem logical to analyze the data in terms of 
relative mobilities, calculated with respect to the mobility of 
the smallest DNA molecule in the data set. Therefore. Fer- 
guson plots were also constructed for each of the DNA frag 
ments using relative mobilities calculated from Eq. (2), and the 
corresponding retardation coefficients were determined. A 
similar analysis has recently been applied to the electrophore- 
sis of DNA in agarose gels ! 40 1 . The retardation coefficients 
calculated from Ferguson plots based on relative mobilities 
are different from the retardation coefficients calculated from 
Ferguson plots based on absolute mobilities, since the mobili- 
ty of the reference DNA is dependent on gel concentration 
(compare Figs. 4 and 9. below). Only if the mobility of the 
reference were independent of gel concentration would the 
retardation coefficients obtained from the Ferguson plots of 
absolute and relative mobilities be identical. In the past. 
Ferguson plots have often been constructed as plots of rela- 
tive mobility vs. gel concentration, using the mobility of a mar- 
ker dye or of the moving boundary in a discontinuous buffer 
system as the reference mobility 18. 341. However, It has been 
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found thai ihe mobilities of the moving boundary |41 1 and the 
commonly used reference dye Bromophenol Blue 18. 421 de- 
pend on the polyaerylamide gel concentration. Hence, most 
Ferguson plots constructed in the past have also been based on 
references w hose mobil ities were dependent on gel concentra- 
tion. Therefore, using the mobility of a low molecular weight 
DNA molecule as the reference mobility in the present work 
differs only in degree from traditional procedures 1401* 

2.2.5 Estimation of gel pore size from Ferguson plots 

According to the Ogston theory of pore size distribution [3 1 !. 
extended by Rodbard and Chrambach 130, 32, 33), the retar- 
dation of macromolecuies during gel electrophoresis is as- 
sumed to be related to the fractional volume of spaces in the 
matrix available to the migrating macromolecule. Therefore. 
Ferguson plots can be used to estimate the effective pore size 
ofpolvacrylamidegelsbj determining the gel concentration at 
which the mobility of a given DNA fragment is equal to one- 
half its mobility at zero gel concentration. At this gel con- 
centration, assuming a Gaussian distribution of pore sizes, a 
macromolecule with a size equal to the median pore radius of 
the gel should just be able to access half the available volume in 
the gel. Therefore, at this gel concentration the radius of the 
migrating macromolecule should be equal to the median pore 

radius of the gel ! 29. 32. 33. 44 46]. To calculate the effective 

pore radius of the polyaerylamide matrix, the Ferguson plots 
of each DNA fragment, in each gel were extrapolated to zero 
gel concentration by linear regression, assuming the slopes of 
the lines to remain constant, at very lo w gel concentrations (see 
the discussion of this point, below). The gel concentration at 
which ii =uJ2 (p:mobility;#o:mobi1ity at zero gel concentra- 
tion ) was determined for each DN A fragment in each gel. The 
relationship between the median pore radius and gel con 
eentration was then determined from a double logarithmic 
plot of apparent pore radius as a function of gel concentration. 
Since the extended Ogston theory assumes that the gel pore 
radii have an asymmetric Poisson distribution 1 30 -341. the 
median pore radius determined by the Ferguson plot method is 
different from the mean pore radius determined by standard 
methods based on the extended Ogston theory 131, 32, 34], 
However, the two methods should give similar results, since 
Fawcett and Morris \2<f\ found thai median and mean pore 
radii differed only by about 10 % in polyaerylamide gels of a 
variety of compositions. 



assumed to be a "2-D" gel, characterized by an array of ran 
dom planes, the retardation coefficients, K- A . are found to be 
proportional to the radii of the migrating macromolecuies. 
R. according to Eq. (4): 

K R =kR 141 

where k is a proportionality constant related to the surface 
area of the planes per unit volume of matrix 132,471. If the gel 
is assumed to be a" 1 -D" gel. i.e.. composed primarily of fibers 
much longer than the radii of the migrating macromolecuies, 
the retardation coefficients are proportional to the square of 
the macromolecular radius, according to Eq. (5): 

where r is the effective gel fiber radius and /' is the total fiber 
length per gram of matrix. The negative intercept of R at A'r"" 
=. 0 is equal to the gel fiber radius; the slope of the line and the 
value of A' R at r — -R can be used to calculate the total fiber 
length per gram of matrix [32-34]. For"0-D" gels containing 
very short fibers, the retardation coefficients are proportional 
to £'[321. Other theoretical treatments of gel electrophoresis 
have deduced different relationships between restricted migra- 
tion and macromolecular radius. Ogston [48] postulated a 
linear relationship between K R and R in order to explain the 
retardation of the sedimentation and diffusion of compact 
macromolecuies in solutions containing high molecular 
weight linear polymers. However, the retardation coefficients 
were determined from semtlogarithmic plots of relative retar- 
dation vs. the square root of polymer concentration (in con- 
trast to the Ferguson plots, which are semtlogarithmic plots of 
mobility vs. the first power of gel concentration). Cobbs 1.491, 
analyzing gels as networks of parallel planes containing pro - 
jections of the gel fibers, interpreted the retardation coef 
ficients as: 

K R =Ci(R*rf id) 

where the a are constant s for any particular molecule and gel 

system and i = 1, 2, 3 Because of uncertainty as to the 

correct representation of the retardation coefficients in terms 
of macromolecular radius, the retardation coefficients ob- 
tained from the Ferguson plots in this study were plotted both 
as K R in vs. R and ^ R vs. R. Gel fiber parameters were es- 
timated from plots of AV ' vs. R. 



2.2.6 Estimation of gel fiber parameters from retardation 
coefficients 

According to the extended Ogston theory of pore sizedistribu- 
tion. the retardation coefficients calculated from the Ferguson 
plots can be related to gel fiber parameters if some assump- 
tions can be made about gel structure 132. 34]. If the gel is 



The mobility of the moving boundary in polyaerylamide g£s with 5 %C 
decreased by about 30 "o when the polyaerylamide concentration was in- 
creased from 5 to 15 -6T 141 1. a gei concentration range comrnonty used 
io determine the Ferguson plots of proteins 129.431. The mobility or the 
12B monomer, used us one of the reference fragments in this study, 
decreased about fourfold when the gel conceit cration was increased from 
3.5 to 10.5 %T. Although this decrease in mobility is much larger than 
observed for reference dyes I 8.42 I and/or the moving boundary 14 1 ]. the 
principle is the same. The mobility of the reference is not independent of 
aei concentration. 



2.2.7 Evaluation of DNA macromolecular radius 

In order to estimate the gel pore radius, or calculate the gel 
fiber parameters from Eq. (5). the radius of the migrating mac- 
romolecuies must be known. For proteins, which are general 
ly globular and approximately spherical in shape, the effec- 
tive molecular radius has often been chosen to be the radius of 
a sphere of equal volume, which is a measurement based on 
M 1 ''' 1331. For linear DNA molecules, which are highly asym- 
metric in shape, the most appropriate value to use for the 
molecular radius is not clear. In the past, both the geometric 
mean radius, i.e.. the radius of a sphere equal in volume to the 
volume of the cylindrical DNA molecule 1 8. 50) and the root 
mean-square (rms) radius of gyration 12, 45.46. 50] were used 
to estimate DNA macromolecular size. For DNA the 
geometric mean radius R. in nm, is defined 18. 501 as: 



R = 0.755 (bp)"' 



(6j 
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where bp is the number of base pairs in the fragment. The rms 
radius of gyration of a wormlike coil. Rq. is defined [511 as: 

where /. is the contour length of the fragment (0.34 nm x bp), 
and p is the persistence length, here taken of be 50 nm. an 
average value observed for ON A in solutions of moderate 
ionic strength 152-54).* 

3 Results and discussion 

3.1 Dependence of absolute mobility on DNA molecular 
weight 

Typical plots of the logarithm of DN A molecular weight as a 
function of the observed mobility are shown in Fig. 2 for three 
representative gel concentrations. The sigmoida! shapes of 
these curves are clearly apparent. The mobilities of the 123-bp 
and I2B multimer ladders can be described by a common 
curve at all gel concentrations, indicating that the DNA mo- 
lecules in both ladders migrate with mobilities appropriate for 
their respective molecular weights. The mobilities of fragment 
1 2 A and its multimers are smaller than the mobilities of other 
fragments of the same molecular weight. Therefore, the mobi- 
lities of fragment 1 2A and its multimers are described as ano- 
malously slow. 

The functional dependence or the mobility on DNA molecular 
weight can be seen more easily from log log plots, as shown in 

r — ' 1 ' t 1 




Figure 7. Semilogartthmie plots of molecular weight, in bp, as a function of 
absolute mobility for geis containing 5.5 %( right), 5.7 %(center!or 10.5 % 
poiyacryiarnide (left curvet G. 12.1 hp ladder: O. 12B multimer ladder: 
A. 12A multimer ladder. 



* The flexibility of the DNA double helix is usually described by the 
wormlike chain model of Kr alky and Porod 1 55 1. In this model the DNA 
molecule is characterized by two parameters, its contour length. L. and a 
parameter that increases with increasing chain stiffness, the persistence 
length./?. The persistence length may be defined asthe average sum of the 
projections of all the bonds of the chain onto the first one. i.e.. the distance 
over which the directions of individual segment elements are correlated 
1521. DNA persistence lengths have been determined by light scattering 
153. 54. 5h|. flow birefringence 157]. electric birefringence 158, 591. 
electron microscopy 1601. and ligase catalyzed cyclization ofDNA 161 i. 
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Fig. 3. In this figure the mobilities measured in the current 
study are combined with the results of an earlier study 18!, re- 
calculated in terms of absolute mobilities, in order to illustrate 
a wider range of molecular weights. At high molecular 
weights, the mobilities of the various fragments decreased ap 
proximately inversely with molecular weight, as predicted by 
reptation theory (62-651. At low molecular weights, the 
mobilities decreased approximately as M 1 '. The slopes at 
both ends of the plot increased gradually in absolute value with 
increasing gel concentration (not shown), becoming 1.3 at 
high molecular weights and -0.40 at low molecular weights in 
gels containing 9.3 %T. 
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Figure 3. Log log plot of absolute mobility as a function of DNA moteculai 
weight, in bp. in gels containing 4.6 % polyacrylamide. D, 1 2.3-bp ladder: 
&. i 2B multimer ladder- O, data from (8 I. recalculated in terms of absolute 
mobility. The slope of the drawn line at high molecular weights is - I.I; at 
low molecular weights She draw n line has a slope of -0.33. 



3.2 Ferguson plots constructed from absolute mobilities 

Ferguson plots were constructed for each of the DNA frag- 
ments in each of the three multimer ladders using the apparent 
absolute mobilities observed in each of the polyacrylamide 
gels. Typical results are shown in Fig. 4 for the three multimer 
ladders. In all cases the Ferguson plots appeared to be linear 
over the range of polyacrylamide gel concentrations inves- 
tigated, making t he extrapolation to zero gel concentration un - 
ambiguous if it can be assumed that the curves remain linear in 
the concentration region where polyacrylamide does not form 
a gel. For the sake of simplicity, this assumption has been 
made in the studies reported here. The validity of this assump- 
tion is discussed in the next sectien. The straight lines in the 
Ferguson plots are nearly parallel and do not extrapolate to a 
common intercept at zero gel concentration, as predicted by 
the extended Ogston theory [ 30-34 1. Therefore, the mobilities 
of the various DNA fragments at zero gel concentration (>',, 
values in the terminology of Rodbard and Chrambach 1 30. 
32-34) decrease markedly with increasing DNA molecular 
weight. Similar results have been reported previously for 
double-stranded nucleic acids in polyacrylamide gels 1 8. 66 1. 

3.3 Mobility of DNA at zero gel concentration 

The mobilities of the various DNA fragments, extrapolated to 
zero gel concentration, appear to converge to a limiting v alue 
of 3.8 x 10' cm'V s"' at low molecular weights, as shown in 
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Figure -i. Ferguson plots based on absolute mobility. The logarithm of the absolute mobility. tia*te plotted as a function of the polyaerylamide gclctm 
cc'mrotion. "nT. The number of monomers in each multimer is indicated beside each curve. The extrapolations lo tew gel concentration are indicated by 
dashed lines. More precise vainest of the slopes and intercepts were determined by linear regression. 



Fig. 5. This figure includes data from the present study as well 
as the extensive data on low molecular weight fragments ob- 
tained in an earlier study 18]. The limiting mobility at low- 
molecular weights can be compared with the mobility of DNA 
in free solution, which was measured to be 1.5-2.2 x 10 
cnrV v ! . depending on buffer concentration, at 1 °C 
1 67-69|. The free solution mobility is independent of molecu- 
lar weight 1 67 1. Taking a value of 2.0 x 10 crrrV 's Ho be ap- 
propriate for the TBI: buffers used in the present study, and 
converting the mobility to 23 °C by multiplying by the ratio of 
the viscosity of water at the two temperatures 1 70 1. the mobili- 
ty of DNA in free solution at 23 °C is estimated to be 3.7 x 10"' 
cnrV 's K This value is close to the experimental value of 3.8 
x 10 4 cmV"'s '. suggesting that the mobility observed for 
very small DNA fragments in the limit of zero poly acrylamide 
gel concentration is equal to the free solution mobility. This 
result also suggests that the 'linear extrapolation of the 
Ferguson plots to zero gel concentration is valid. The lower 
mobilities observed at zero gel concentration for the larger 
DNA fragments may be due to interactions of the larger frag- 
ments with the matrix, although curvature of the Ferguson 
plots of these fragments in the region of very low %T cannot be 
ruled out. The limiting mobility observed for small DNA frag- 
ments in poly acrylamide gels is much higher than the limiting 
mobility of 2.7 x 10 4 cnrV 's 'observed in agarose gels 140. 
50. and references therein I, possibly because of the electroen 
dosmosis of agarose 1711. Alternatively, the mobility ex- 
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Figure 5. Log-log plot ofthe absolute mobility extrapolated to zero gel con- 
centration.^,, as a function ofthe number of base pairs (bp) in the fragment. 
O . data from |8|. recalculated in terms of absolute mobilities: A, 12B mul- 
timer ladder; I], 123 bp ladder. 



trapolated to zero agarose gel concentration may be low 
because the DNA samples used in that study 1 40, 501 were 
much larger than the DNA fragments used in the present 
study. 

3.4 Gel pore radius calculated from absolute mobilities 

The pore sizes of polyaerylamide gels containing 3 % Bis were 
estimated from the Ferguson plots in Fig. 4. as described in 
Section 2.2.5. using both R and R G to estimate DNA molec- 
ular size. Log-log plots of the apparent pore radius as a func - 
tion of gel concentration are given in Fig. 6 for the three multi - 
mer ladders. When R was used to measure DNA size, the cal- 
culated gel pore radii decreased from ca. 5 nm to 0.6 nm when 
the gel concentration increased from 3.5 to 10.5 %T, as shown 
in Fig. 6a. These pore radii are close to the values previously 




I'igu re 6. Log-log plots ofthe dependence ofthe apparent gel pore size, r., on 
polyaerylamide concentration, %T. The values of %T_were determined 
from Ferguson plots based on absolute mobilities, (a) R was used as the 
measure of DNA sizc-.(b) * c was used. The slopes ofthe straigin lines were 
determined by linear regression. The slopes In (a ! ranged from - 1 .6 to - 2.0 
for the three molecular weight ladders: in (b), the slopes ranged from -3.3 lo 
-4.6. □. 123-bpladder: O. 1 2B multimer ladder. A. 1 2 A multimer ladder. 




determined from a study of small DNA restriction fragments 
in polyacrylamide gels 18 1. Using R G instead of J? to measure 
DNA size, the pore radii ranged from ca. 30 nm to ca. 0.3 nm 
as the gel concentration increased from 3.5 to 10.5 %T. as 
shown in Fig. 6b. In both cases, the exact value of the pore 
radius depended somewhat on the particular DNA molecular 
weight ladder used for the measurements. Surprisingly, this 
was true even for the 1 23 bp and 1 2B multimer ladders, whose 
mobilities were described by common curves in Fig. 2. The 
pore radii determined using the 12A multimer ladder are 
generally larger than the values determined using the other two 
molecular weight ladders, especially in gels containing >6 
%T. This result is surprising, since one might have expected 
anomalously slowly migrating fragments to "see" a gel with 
effective pore sizes sm aller than the pore sizes determined with 
normal!) migrating DNA fragments. 

The slopes of the lines in Fig. 6a ranged from -1.6 for the 
anomalously migrating 12A multimer ladder to -2.0 for the 
normal 1 2B multimer ladder. The slopes of the lines in Fig. 6b 
ranged from 3.3 to -4.6 for the same two molecular weight 
ladders. These slopes are much larger than the value of -0.5 
predicted by the extended Ogston theory I 321, 

3.5 Retardation coefficients based on absolute mobilities 

To estimate gel fiber parameters, the square roots of the retar- 
dation coefficients calculated from the slopes of the Ferguson 




plots based on absolute mobilities (Fig. 4). were plotted as 
functions of R or Rev as shown in Figs. 7a and 7b. respectively. 
In each plot the data could be described by a single straight 
line, the slope of which was only weakly dependent on DNA 
molecuiarjn'ze. The apparent fiber radius (the negative in- 
tercept of R or R a at K K " 2 = 0) was estimated to be ~ I R n m 
from Fig. 7a and ~290 nm from Fig. 7b. Log log plots of the 
retardation coefficients as a function of R or RcAnot shown") 
indicated that A' R increased approximately as the 0.5 power of 
R or the 0.3 power of R a . not as the square of molecular radius 
predicted by Eq. (5). This much weaker dependence of K R on R 
or R c , is the reason for the nearly horizontal slopes of the lines 
in Figs. 7a and Tb. The double logarithmic plot suggested that 
a plot of Knvs. R '"should be linear: such a plot is shown in Fig. 
8. Within experimental error, the data for the different molec- 
ular weight ladders can be described by straight lines. The in- 
tercepts at A' K = 0 occur at positive values of R 1 " for the I 23- 
bp and 12A multimer ladders and negative values of/? 1 "for 
the 12B multimer ladder, it is not possible to interpret these 
values because no theory describes the dependence of K& on 
R however, it seems unlikely that both positive and negative 
intercepts can be rationalized. Similar plots of A' K vs.R it ' '(not 
shown) were also linear: however, in this case all the intercepts 
of the straight lines with the abscissa at XT K = 0 were negative. 




figure 8. Dependence of the retardation coefficients hosed on absolute 
mobilities, A' R . on the square root of the geometric mean radius. f 'RV 1 
Q, 123-bp ladder; C. I2B multimer ladder; A. !2A multimer ladder, 
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3.6 Ferguson plots based on relative mobilities 

Because of the difficulties encountered in the analysis of the 
absolute mobilities of the various DNA fragments with the ex- 
tended Ogston theory. Ferguson plots were also constructed 
using relative mobilities, as shown in Fig. 9, The slopes of the 
lines are much less steep than observed with the absolute 
mobilities (Fig. 4) because of the dependence of the reference 
mobility on gel concentration (see Section 2.2.4!. The slopes of 
the lines and the intercepts at zero gel concentration were 
determined bv linear regression. 



3.7 Gel pore size calculated from relative mobilities 

The median pore radius of the various polyacrylamide gels 
was calculated from Jhe Ferguson plots based on relative 
mobilities, using both R and R (} to estimate DN A size. Log log 
plots of the estimated pore radius as a function of gel con- 



ceniration arc shown in Fig. 1 0 for each of the three molecular 
weight ladders, in each case the data were approximated by- 
straight Sines determined by linear regression. UR was used to 
estimate DNA macromolecular size, the slopes of the lines 
ranged from 0.28 to -0.3 ! for the three molecular weight lad- 
ders (Fig. lOat When DNA size was estimated by R«. the 
slopes of the straight lines were -0.54 for the 123-bp ladder. 

0.60 for the 1 2 A multimer ladder, and -0.62 forthe 1 2B mul- 
timer ladder ( Fig. 1 0b). All of these slopes areclose to the value 
of 0.5 predicted by the extended Ogston theory 130-341, 
Hcnce. Rn is the appropriate measure of DNA size to use for- 
calculating gel pore radii from relative mobility plots. Similar 
conclusions were drawn from an analysis of the absolute and 
relative mobilities of DNA fragments in agarose gels 1401- 

The equations describing the straight lines in Fig. 10b are 



ransing from 3.5 to 10.5 % in concentration have effective 
pore radii ranging from — J 30 to ~70 nm, the exact value at 
each gel concentration depending on the molecular weight lad- 
der used to determine the pore size. 
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1 2 A ladder: 
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340 T 
255 T 



•0.S4 
■0.62 
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(8a) 
(8h) 
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Numerical values of the pore radius as a function of gel con- 
centration, calculated from F.qs. (8). are given in Table 1. 
Averages of the three values at each gel concentration are also 
given. Fig. 10b and Table 1 indicate that poly acrylamidc gels 
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The polyacrvlaraide gel pore sizes determined using relative 
mobilities and R G (Fig. iOh and Tabic 1) are an order of 
magnitude larger than the values determined using absolute 
mobilities and R (compare Fig. 6). primarily because of the use 
of R G to measure macromolecular size (see [40. 501 and Sec- 
tion 2.2.7 for discussions of this point!. Therefore, these pore 
radii are also an order of magnitude larger than other values in 
the literature i 8. 28 301, all of which were determined using 
the geometric mean radius 18. 29. 30 1 or the Stokes radius 
[281 to estimate macromolecular size. However, the larger 
effective pore sizes determined using the relative mobilities 
and R G are consistent with scanning electron microscope 



Figure 9. Pcrpiton plats based on relative mobilities. The logarithm of the 
relative mobility. ^,, is plotted as a function of polyacrylamide concentra- 
tion. «oT. (a) 123-bp ladder;(b) 12B multimer laddenie) 12A multimer lad- 
der. For each multimer ladder, the number of monomers in each multimer is 
indicated beside each curve. 
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Figure 10. Log-log plots of the effective median gel pore radius, r,. as a func- 
tion of gel concentration. %T. The values of %T were calculated from 
Ferguson plots based on relative mobilities. I n (a). D N A molecular »w<r was 
eslimatedfrotn«:in(b). DNA size was estimated from R c . fheslopesofthe 
drawn lines, calculated by linear regression, ranged from 0.28 to -0.31 
in (a); in (M. the slopes ranged from -0.54 to 0.62. □, 123-bp ladder: 
O, 12B multimer ladder; A, 12A multimer ladder. 



studies, which showed thai the polyacrylamide matrix has a 
closed ceil structure with relatively thick walls, similar to that 
of a sponge |72j. The larger pore radii determined here are 
also consistent with a high resolution transmission electron 
microscope study of freeze -fractured polyacry lamide gels, 
which showed that the gels contain pores in the submicron 
ra nge [731. More precise estimates of pore size cannot be made 
because the scale markings were omitted from the micro 
graphs in |73|: however, comparison with 1721 suggests that 
the pore diameters range from 10 to i 00 nm, depending on gel 
composition. These values are of the same order of magnitude 
as the pore sizes determined in the present study. 

Recently. Ceglarek and Revzin 174) and Tietz 1341 also ques- 
tioned the accuracy of the pore sizes traditionally assumed for 
polyacrylamide gels. It is known that spherical virus particles 
with diameters of 25 and 30 nm can enter dilute poly- 
acrylamide gels 1 75 ] and be resolved 1 73 1, suggesting that the 
pores must be large enough to accommodate particles of this 
size. In addition. RNA polymerase complexes with DNA re- 
striction fragments freely enter 4 % polyacrylamide gels 174 1, 
even when the polymerase, with a radius of gyration of 6 nm 
1761. is bound to the end of the DNA fragment [74 1. These 
results, together with the results reported here, suggest that the 
pore sue of the polyacrylamide matrix must be much larger 
than previously assumed. 

Tietz ! 34 j has also raised the question of whether the extended 
Ogston theory can be applied to electrophoresis in poly- 
acrylamide gels, if the structure of the gel resembles a sponge 
rather than a haystack: the Ogston model assumes the 
existence of a randomly oriented fiber network. However, the 
Ogston theory was applied successfully to agarose gels 140. 

i i — i — i — i — n r 
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Figure 1 I. Log-log plot of the dependence of the estimated gel pore radius, 
r,. of BS A oligomers on get concentration, %T. The mobilities were taken 
from 1 80t. O The half-lengths of the oligomers were based on the assump- 
tion thai the dimcr and trimer were 2 > and 3 •< the length of the monomer. 
The dotted tine is dra wn on the assumption that the dtmer and irimer were 
1.5 < and 2 x the length of the monomer, respectively. 
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77 1, even though the structure of agarose appears sponge-like 
1781 and contains microvoids 179|. 

3.8 Estimation of gel pore sire from Ferguson plots of 
oligomers of bovine serum albumin 

Exactly the same procedure can be used to estimate the pore 
size of the polyacrylamide matrix from the mobility of bovine 
serum albumin (BSA) oligomers reported by Heclrick and 
Smith 180). The gel concentration at which the mobility of 
each oligomer is equal to one-half its mobility at zero gel con 
centration can be estimated from Fig. 3 of 180'. Hydrody 
namic studies of BSA indicate that it can be described as a 
prolate ellipsoid of revolution with a length of 13.8 nm and a 
diameter of 3.0 nm 181. 821. X-ray studies of human serum 
albumin, a molecule verv similar to BSA. have shown that it 
has dimensions of 14.5 x 5.0 x 2.2 nm [83|. If the BSA 
monomer is assumed to have a hydrated 'length of I 5 nm. and 
the dtmer and trimer are assumed to be end-to-end aggregates 
with lengths 2 x and 3 x the length of the monomer, the mo- 
bilities of the various oligomers can be used to estimate the me- 
dian pore size of the polyacrylamide matrix. A log log plot of 
the estimated pore radius as a function of %T is given in Fig. 
1 1. The estimated pore radius is found to decrease from 1 00 to 
17 nm over the gel concentration range of 3.5- 10.5 %T. If the 
BSA oligomers are not aligned end-to-end, but overlap each 
other by ~50 % (1821, also Oncley.,1. L.. personal communi- 
cation cited in 1 83 i ) the dotted line in Fig. 1 1 is obtained. Using 
this correlation, the estimated pore radius decreases from 
36-12 nm when the gel concentration increases from 3.5 to 
1 0.5 %T. The corresponding values of the pore radii estimated 
from the mobility of DNA oligomers (Fig. 1 0b) range from 
1 30 to 70 nm over the same gel concentration range. Hence the 
pore sizes determined from the mobility of BSA oligomers are 
of the same order of magnitude as those determined using 
DNA restriction fragments, as long as the external dimensions 
of the BSA molecule arc used as the measure of macromole- 
cular size. The pore sizes estimated from the BSA oligomers 
are more uncertain than the pore sizes estimated from the 
DNA fragments, because the end-to end lengths of the BSA 
oligomers are not well characterized. 

3.9 Gel fiber parameters calculated from retardation 
coefficients based on relative mobilities 

In order to estimate the gel fiber parameters, the square roots 
of the retardation coefficients calculated from the Ferguson 
plots based on relative mobilities (Fig. 9) were plotted as a 
function of/J& as shown in Fig. 1 2. If the curvature at the low- 
est molecular weights is ignored, the data can be approximated 
by straight lines, which extrapolate to negative intercepts of 
1 3- 1 8 nm (average =15 + 2 nm) at iK R ) '• ! = 0. According to 
the extended Ogston theory, this negative intercept is equal to 
the effective gel fiber radius [30, 32. 341. Since all three data 
sets extrapolated to approximately the same value, the 
effective gel fiber radius appears to be independent of DNA 
sequence. The apparent fiber radius determined in Fig. 12 is 
much larger than the previously estimated value of ~1 nm 18. 
29, 30, 32, 84], primarily because of the use of Re to estimate 
DNA size. Previous studies were scaled by using the 
geometric mean radius or the Stokes radius to estimate mac 
romolecular size. A larger fiber radius of 10 nm was reported 
for the polyacrylamide matrix from the electrophoresis of 
RNA molecules [851. 



The slopes of t he lines in Fig. 1 2 were used to estimate the total 
go! fiber length, as described in Section 2.2,6. The fiber length. 
/\ was found to be 2.1 x IO ,u cm/gaerylamideforthe 12Bmul- 
timer ladder. 3.1 v 10 ; "cm/gforthc 123-bp ladder, and 3.6 x 
It) 1 " cm.'g tor the 12A multimer ladder. These values are 1-2 
orders of magnitude smaller than previously determined 
values, again because of the use of /?<> instead of R to deter- 
mine macromoleeular size. However, the significance of these 
values is dependent on the validity of the extended Ogston 
theory to describe electrophoresis in polyacrylatnide gels (see 
also |34|). 



1 2B monomers, and 1 5 nm for the 123-bp fragment). Further 
discussion of the relationship between the retardation coef- 
ficients and molecular radius will be deferred to part 1 V of this 
series. Plots of KrVS.R were also linear, and extrapolated to A's 
= 0 at R = 4.3 + 0. 1 nm (not shown). This value of R 'is close to 
the value of R calculated for the various monomer fragments 
(R = 4.1 nm for fragments i 2A and 12B and 3.8 nm for the 
123-bp fragment), as expected. These plots are not illustrated 
because R c , appears to be the appropriate measure of DNA 
size to use in conjunction with Ferguson plots based on re- 
lative mobilities. 
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Heure U, Dependence of the square root of the retardation coefficient. 
IA" R )I % on R, i. The retardation coefficients werecalculatcd from the relative 
mobilities in Fig. 9. U. 123 bp ladder: 0. 12B multimer ladder: A. I2A mul- 
timer Sadder. 

3.10 Dependence of retardation coefficients on molecular 
radius 

To see if AY 1 w. A\, is the best method of plotting the electro 
phoresis data, the retardation coefficients determined from 
Ferguson plots based on relative mobilities were also plotted 
as K K W, Ky. as shown in Fig, 1 3. The retardation coefficients 
of all three molecular weight ladders can be described by 
straight lines, all of which extrapolate to K K =0 at R 0 ~ 1 9 nm. 
The extrapolation of K* to zero at finite R Li is due to the fact 
that the A" R values were determined from relative mobilities, 
using the mobility of the smallest molecule in each data set as 
the reference mobility. The relative mobility of the reference 
fragment is defined to be 1.00 at all gel concentrations. 
Therefore, the Ferguson plot of the reference fragment is a 
horizontal line, the slope of which (equal by definition to -A' R ) 
is zero. The value of Rc, at which A'r =0 is ~ 1 9 nm. close to the 
/Jo of the reference fragments (/?<:= 19.5 nm for the 12A and 
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Rg, rim 

Figure IS. Dependence of the retardation coefficients. A' R . calculated from 
the relative mobilities, in Fig. 9. on Rc- C. 1 23-bp ladder: 0, 1 2B multimer 

■adder, is. 1 2A multimer ladder. 



4 Concluding remarks 

In this study the pore sizes of poly aery lamide gels containing 
3 % Bis were estimated from the mobilitiesof a variety of DNA 
restriction fragments by constructing Ferguson plots for each 
fragment and determining the gel concentration at which the 
mobility was equal to one half the mobility at zero gel con- 
centration [40. 45. 501. At this gel concentration, the median 
pore radius of the gel should be equal to the radius of the 
migrating macromolecule ! 29. 32. 33. 44-46 1. This method of 
determinating gel pore size depends only on the assumption 
that half the available spaces in the gei are accessible to a 
migrating macromolecule at ,u =fiJ2. Two types of Ferguson 
plots were compared, based on absolute mobilities and relative 
mobilities. Two measures of DNA macromoleeular size were 
also considered : the geometric mean radius and the rms radius 
of gyration. When the pore sizes were calculated from Fcr- 
euson plots based on absolute mobilities and t lie geometric 
mean radius was used to measure DNA size, the calculated gel 
pore sizes were in agreement with previously determined 
values f8. 28-30]. However, the Ogston equations were not 
obeyed and it was not possible to determine gel fiber para- 
meters by this method. The results were not improved by using 
R Q instead of J? to measure DNA size. When the mobility data 
were analyzed using relative mobilities in conjunction with the 
rmsradiu's of gyration, the gel pore radii were about an order of 
magnitude larger than previously determined values, because 
of the use of Rc instead of/? to measure DNA size. However, 
these larger pore radii are in agreement with transmission elec- 
tron microscope studies of freeze fractured polyacrylamide 
eels 173. 741. In addition, using this method of analysis the 
Osiston equations are obeyed and the gel fiber parameters can 
be"estimated. Gel pore sizes of the same order of magnitude 
can be estimated from the mobility of BSA oligomers 1801 in 
polyacrylamide gels. Hence, the major conclusion of this 
paper is that 3.5-1 0.5 % polyacrylamide gels crosslinked with 
3 % Bis contain pores ranging from 1 30 to 70 nm in effective 
radius. 

The gel pore radii determined in the present study are median 
pore radii. The pore radii determined in the conventional man- 
ner from the extended Ogston theory are mean pore radii j 29. 
30. 32-341, which would probably be about 10 % larger 129] 
than the values reported here. The similarity of the gel pore 
radii calculated from the mobility of BSA and DNA oligomers 
suggests that the effective pore size of the polyacrylamide 
matrix is independent of the type of probe used for the 
measuremems.'as long as the external dimensions of the probe 
are used to estimate the size of the macromolecule. Similar 
results were observed with agarose gels 1401. However, more 
studies of the pore size of the polyacrylamide matrix are need 
ed. especially studies with probes of known size. More 
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definitive solid state measurements are also needed for com- 
parison with the dynamic measurements. 
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